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INTRODUCTION. 



tWHEN the author was asked to write the following 

f 'little treatise he acceded to the request with much 

f pleasure, because he had long known that an ele- 

I mentary treatise on Electricity and Magnetism of a 

L'somewhat novel character was much needed. In 

England at the present time it may almost be said 

Bthat there are two sciences of Electricity — one that 

taught in ordinary text-books, and the otlier a 

wrt of floating science known more or less perfectly 

b practical electricians, and expressed in a fragmentary 

tanner in papers by Faraday, Thomson, Maxwell, 

pule, Siemens, Matthiessen, Clark, Varley, CuUey, 

[nd others. The science of the schools is so dis- 

milar from that of the practical electrician that it 

been quite impossible to give students any 

sufficient, or even approximately sufficient, text-book. 

Jit has been necessary to refer them to disjointed 

atises in the Reports of the British Association, in the 

ftCambridge Mathematical Journal,' the ' Phil. Trans." 

md the 'Phil. Magazine.' A student might have 

I mastered Delarive's large and valuable treatise and 
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■ yet feel as if in an unknown country and listening to 
I an unknown tongue in the company of practical men. 
I It is also not a little curious that the science known 

to the practical men was, so to speak, far more scientific 
than the science of the text-books. These latter 
contain an apparently incoherent series of facts, and 

■ it is only by some considerable mental labour that, 
I after reading the long roll of disjointed experiments, 

the student can even approximately understand any 
" one experiment in its entirety; the explanation of 
part of the very first phenomenon described cannot 
be given until one of the very last experiments has 
been mastered. 

The author has found it quite impossible, for this 

very reason, to write his treatise on the ordinary plan 

of beginning with simple experiments and gradually 

building up a science by the description of a series of ■ 

more and more complex phenomena. Not a single 

electrical fact can be correctly understood or even 

explained until a general view of the science has 

been taken and the terms employed defined. The 

terms which are employed imply no hypothesis, and 

\ yet the very explanation of them builds up what may 

I be called a theory. The terms cannot be explained 

I by mere definitions, because they refer to phenomena 

I with which the reader is unacquainted. The mere 

f explanation of the terms, therefore, requires some 

rapid description of facts, the truth of which the 

reader must at first take for granted. Many of the 
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IBns cannot be proved to be true except by 
JDiuplex apparatus, and the action of this complex 

Apparatus cannot be explained until the general 

theory has been mastered. 

The plan followed in the book is therefore as 

follows :— First, a general synthetical view of the 
■llcieDCe has been given, in which the main phenomena 
B|re described and the terms employed explained. This 
■feneral view of the scienc^e cannot be made very easy 
Keading, although it will probably be found easier by 
Biiose who have no preconceived notions about tension, 
Btitensity, and so forth, than by students of old text- 
H>ooks. If this portion of the work can be mastered, 
H^e student wiil then be readily able to understand 
Kphat follows, viz., the description of the apparatus 
^used to measure electrical magnitudes and to produce 
Bfclectricity under various conditions, The difference 
^Between the Electricity of schools and of the testing 
^effice has been mainly brought about by the absolute 
Blecessity in practice for definite measurement The 
Becturer is content to say, under such and such cir- 
^fcum stances, a current flows or a resistance is increased. 
HChe practical electrician must know how much current 
^Bnd how much resistance, or he knows nothing ; the 
^BifTerence is analogous to that between quantitative 
^■nd qualitative analysis. This measurement of elec- 
^Bdcal magnitudes absolutely requires the use of the 
^vord and idea potential, and of various units each 
^Bith an appropriate name, in terms of which each 
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electrical magnitude can be expressed. Oil a proper' 
choice of units depends the simplicity of the ex-.' 
pression for the laws which connect electrical phe-i 
nomena. After describing these laws and measure- 
ments, the author has given their chief practical, 
application to telegraphy and a few examples of the 
construction of telegraphic apparatus. These fluctuate, 
in form from year to year, and the special forms now 
in use will soon become antiquated ; but the general! 
theory of Electricity on which the construction audi 
use of these depends is permanent, depending on no. 
hypothesis, and it has been the author's aim to state 
this general theory in a connected manner and in 
such a simple form that it might be readily under- 
stood by practical mea j 



The above introduction is allowed to stand un- 
altered because it correctly describes what the author 
aimed at. He feels that the actual book falls very 
far short of the ideal he had conceived ; he perceives, 
only too well that the arrangement might be very 
greatly improved, and the statements made in much] 
clearer language. The book has been unfortunatelj^ 
written in intervals snatched from professional en-J 
gagements at irregular periods, but the author would' 
rather claim indulgence on the score that the effort 
made has at least been in the right direction, although! 
Sar from fully successful. 
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He has to acknowledge having received very kind 
assistance from his friends Sir W. Thomson, Professor 
J. C. Maxwell, Mr. CuUey, and Mr. C. F. Varley ; as 
well as from three of his assistants, Mr. W. Bottomley, 
Mr. W. E. Ayrton, and Mr. W. F. King, who kindly 
examined the proofs. 

Mr. Latimer Clark and Mr. CuUey have allowed 
free use to be made of extracts from their valuable 
handbooks. 
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CHAPTER I. 

ELECTRIC QUANTITY. 

■. A PIECE of glass and a piece of gutta percha, or other 
inous material, after being rubbed together, will be found 
ftattract one another slightly. One piece of resin thus 
Bbed repels another similarly tieated piece of resin, and 
e piece of rubbed glass repels another piece of rubbed 
■ i also found that either the rubbed resin or the 
)bed glass attracts any light body in its neighbourhood, 
properties acquired by the glass or resin are not 

Electricity is the name given to the supposed agent 
(ducing the described condition of bodies. It seems to have 
1 natural to regard this agent as a kind of very subtle 
ind the nomenclature adopted in treating of electricity 
f based on this idea. There has been much wTangling as to 
: hypotheses of one and of two fluids. It is quite un 
cessary to assume that the phenomena are due to one 
Id, two fluids, or any fluid whatever ; but in this treatise 
! names employed will be chiefly those which have been 
Rested to men of science by thinking of electrical pheno- 
^a as due to the presence or absence of a. sing^le RM\d. 
The stick of resin or gia.Bs, while retaining ftve ^TO^«tQKS 
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described above, is said to be electrified or charged with 
etectricity ; it carries electricity with it if moved from 
place to place. If these electrified bodies are wiped with 
a wet cloth, a damp hand, or with metal foil, they cease to 
be electrified. The electricity is then said to have been 
conducted away and the bodies which allow it to run off ' 

n are called conductors of electricity. Metals, 
water, the human body, damp wood, and many other bodies 
are conductors. 

r must be a non-conductor, or it would have re- 
moved the electricity as well as the wet cloth. 

Similarly, the resin and glass themselves are non-con- 
ductors, for- when the electrified pieces are simply laid on 
3 conductor they do not lose all their electricity, but remaii 
electrified for some time in those portions which are not ii 
the immediate neighbourhood of the conductor. 

Non-conductors are also called insulators. Glass, gutu 
percha, india-rubber, air, are examples of insulators. 

~, If a small piece of metal, supported by an insulating 
rod, be allowed to touch the electrified piece of glass or 

in, it will be found to be in an electrical condition, 
similar to that of the glass or resin which it has touched. 

The insulated conductor which has touched the resin 
repels the resin itself or any other insulated conductor which 
may have touched the electrified resin ; it may be said to 
be electrified as the resin was, or charged with resinous 
electricity ; it attracts the electrified glass, or any insulated 
conductor electrified by the glass or charged with what i 
sometimes called vitreous electricity. 

It follows from these experiments that part of the deo- 
tricity on the resin or glass is communicated to any conductw 
which touches either of the bodies. The electrical pro- 
perties gained by the insulated conductor electrified by 
contact with the electrified resin have been gained at the 
expense of those possessed by the resin — the resin or glass 
; what the metal gains ; sim\\aT\Vi ^^e e\c«uf\«d o 
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can impart a portion of its properties to anotlier 
conductor, losing that whicli it gives. \Ve may, tlien. so far 
\ 'jW can be yet seen, with propriety speak of a conductor as 
' leanying a certain quantity of electricity, or as being charged 
I with that quantity. 

The insulated conductor has acquired the special pro- 
perties in virtue of which the resin or glass was said to be 
electrified, or charged with electricity; but the insulated 
and electrified conductor has some peculiarities which dis- 
tinguish it from a similar piece of an electrified insulator. 
For instance, if the conductor be touched by the hand, or 
by the point of a wire held in the hand of a man not him- 
self insulated, it will lose all its electricity in a time so short 
as to appear inappreciable j whereas the insulator can only I 
lose its electricity gradually, when every part of its surface.B 
has been successively touched. ^ 

We may also expect that if from any cause the distribu- 
tion of electricity in a body can be varied, even without its 
total amount being changed, this redistribution will take 
place almost instantaneously in the electrified conductor, 
ami much more slowly in the electrified insulator. 

§ 3. TJie force exerted {other things being equal) by the 
electrified body on another similar body in its neighbour- 
hood, is found to depend on the quantity of electricity. If 
I halve the quantity, distributing that electricity over two 
equal balls, which was previously contained on one, the 
force exerted by the electricity on each ball will, under any 
given circumstances, be halved. It is in virtue of this force 
only, that we have known the ball to be electrified, and we 
may therefore, with propriety, speak of the quantity of 
electricity on each ball after the redistribution, as half that 
on llie first ball originally. 

Resin and glass have been chosen as two typical materials, 
but any two different in.sulalors nibbed together beliave more 
oi less as resin and glass do; thus relatively to a. s\.\i£«. oV 
sbclUc or resin, ffannel behaves as a piece of gVass vJOvAi io. 



§ 4. The following experiments illustrate what precedes. 
Suspend a pith ball by 
_ ^"^- '■ a silk thread {Fig. i) : 

pith, in order that the ball 
may be light ; silk, in 
order that it may be in- 
sulated.' 

1. A stick of shellac 
rubbed with flannel at- 
tracts the pith ball, 

2. After contact with 
the shellac, the pith ball 
will by conduction become 
negatively electrified as 
the shellac is, and will be 
repelled by it. 

3. Arrange the flannel, 
which is not a ver>' good insulator, so that it may be insulated 
both while rubbing the shellac, and afterwards ; this may be 
done by shaping it like a cup, and supporting it on a silk 
thread, or by gumming it on a. metal disc fastened to a stick 
of vulcanite. Then the flannel, after rubbing the shellac, 
will be electrified with vitreous electricity, and will attract 
the pith ball electrified with resinous electricity, 

Converse effects will be produced by electrifying the pith 
ball by means of the flannel. The silk threads, shellac, and 
flannel must all be very dry, or the moisture will form a 
conductor along which the electricity will rapidly escape. 
Sometimes the pith ball is gilt, to make it a better conductor. 

Experiments, illustrating the proportion between the force 
observed and the charge of electricity, can be made by 
means of the pith ball, 

4. Two pith balls electrified with diff'erent electricitiei 
attract one another {Fig, 2), 
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, Two similarly electrified pith balls hung side by side 
repel one another (Fig. 3). The same effect maybe observed 
by means of two pieces of gold leaf insulated, and hanging 
side by side. When these apparatus are arranged fas in Fig, ^ 




5 and stands, and with means, such as the 

tal rod a, of readily communicating an electrical charge 

I any body the condition of which is to be examined, 

•i are called electioscopes.' They indicate the presence 

■ electricity by showing the existence of a force. They 

1 not, strictly speaking, measure either the force or the 

Entity of electricity, but only indicate the presence of some 

md some quantity. The little electroscope in Fig. 4 is 

ihed with a metal cap d, and two uninsulated strips of 

tal cc, the object of which is explained in § 14 and § 23. 

Jtn testing the laws of electrical quantity, it is convenient 

•use a more complex arrangement for producing electricity 

1 is afforded by the mere stick of shellac or glass. The 

mmon electrical machine may be used to produce the 

fcctricity, This machine consists of a plate or cylinder of 

a rubbed by flannel or some other semi-insulator while 

(ng turned, and haiing conductors conveniently arranged 

o gather either the vitreous electricity produced on the 

iace of the glass or the resinous electricity produced on 

Bie flannel. The best construction of these ii 
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be described when elec'jical laws have been more fully 
explained. The balls by which the foregoing laws are 
illustrated, may be held on glass or vulcanite stems, which 
must, however, be very dry and clean, or the electricity will 
only be retained for a very short time upon the balls. 

§ 5. It is found that the distribution of electricity on 
the balls is unaffected by the mass of the ball, provided the 
surface remain constant Balls made of wholly different 
materials but of the same size, if their surfaces be con- 
ductors, will behave in a precisely similar manner, so far as 
regards the quantity of electricity which each will abstract 
from any electrified body which it may touch : one ball may 
be wholly of brass, another a mere gilded pith ball, a 



Fig. 5. 



^■■■■inikJ 




...jc: 



third a hollow iron ball; yet each will be found under 
similar circumstances to have what may be termed the same 
capacity for electricity. Moreover, let a ball (Fig. 5) be made 
of two hollow hemispheres, enclosing an independent con- 
ducting ball within them, and in contact with them, and let 
the system be electrified and the enclosing hemispheres 
removed by insulating handles. The internal ball will not 
be found electrified, and the two hemispheres, when placed 
in contact so as to form a complete ball, will, if the insulation 
has been perfect, be found to be as strongly electrified as at 
first Electricity, while at rest, is therefore looked upon as 
residing in the surface only of the conductors. These state- 
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menls may be verified with the assistance of the electti 
scopes before described. 

Aiihough electricity when at rest can only be detected 
llie surface of bodies, we shall presently see that, when i 
motion, it does not run over the surface only ; it will pass' J 
more readily from one conductor to another along a solid ' 
'od than along a hollow rod of equal external dimensions 
Jnd the same materials, vide 5 3, Chapter IV. 

5 8. Let one insulated conducting ball a be electrified by 
<:oDtact with rubbed resin, and another exactly similar ball b 
V contact withiubbed glass. If the two balls be now put i| 
contact with one another, they will assume an electrical o 
'ion which is the same in both. If the ball a had most elcctr 
'^'fy at first, the whole system will be electrified as by rubbed 
^^sin; if B had most electricity at first, the whole systei 
'^t'I be electrified as by rubbed glass ; and in all ci 
quantity of electricity on the two balls after contact will t 
^llial to the difference of the charge on the two balls at fi.. 
(" being remembered that the quantity of electricity i 
assumed to be measured by the force, which, if contained 
on a given conductor, it would be capable of exerting). 

The distinction between the electricity due to rubbed| 
E'^ss and that due to rubbed resin is therefore analogoi: _ 
'"at between positive and negative algebraic quantiries, and 
iustifies the use of the epithets positive and negative in place 
')f vitreous and resinous. When positive and negative 
electricities are summed, the result is equal to the dif- 
lerence between the aritlimetical values of the quantities. 
If the two quantities of electricity of different kmds were 
equal on the bvo balls, the result of the contact would be^ 
wholly 10 put an end to all electrical charge. The t 
bodies would be discharged and would be unelectrifiefl 
nfaidi we shall find to mean no more than that they will h 
die same condition as all surrounding uninsulated bodies."^ 
(t. The electricity appearing on the rubbed glass \ 
^tirsi that appearing on the tubbed &a.TiuA « 
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gutta percha is called negative; and the algebraic signs 
+ and — are often used to denote the two different electrical 
conditions. 

+ positive, vitreous 1 are three synonymous modes of 
— negative, resinous / describing electrical conditions. 
The symbols + and — have already been used on the 
foregoing figures showing attractions and repulsions, + 
repels + ; — repels — j + attracts — . 

5 B. When electricity is produced, it is found invariably 
that equal quantities of positive and negative electricity are 
produced. True, the glass when nibbed becomes positive 
only, but the material with which it is rubbed becomes 
negative, and the quantity on the glass is precisely equal 
and opposite to that upon the rubber. If the rubber be not 
insulated, the electricity upon it will be at once conducted 
to the earth, and will for the time being make the rest of 
the earth more negative than before ; but the earth, including 
the nibbed piece of glass, contains as a whole neither more 
nor less electricity than it did before ; the distribution only 
has been altered. 

When the whole surfaces of the two substances which 

have-been rubbed together are thoroughly connected, either 

through the intervention of the mass of the earth or by 

any other conductor, the positive and negative electricities 

liisappear, being neutralised as before. No substance is found 

to insulate so perfectly as to possess the power of keeping 

I the two electricities asunder for more than a limited time, A 

perpetual leakage is always occurring from the one to the other 

through the mass of the insulator, until the combination or 

t neutralisation is complete and all signs of electricity dia- 

I ajipear. In elementary electrical experiments the one kind 

■ of electricity only is made manifest, because the one kind is 

V concentrated in a small conductor and the other is probably 

r diffiiscd over the earth in the neighbourhood ; tlie quanri^ 

at any one spot being too small to produce appreciable 

effects. Thus, when a stick of sealinj-was. IJiem?, uta lund_ 
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■d) is robbed by a dotb, the seaiirtg-wax alone appears 
trified, simply because the positive electricity difiuses 
f over the eanh from the doth, through the hand of 

3 holding iL 

■ § 9, When one insulator is nibbed against another, one 
f them becomes charged with positive and the other with 

^tive dectridty ; and with any given pair of materials, 
e invariably becomes positively and the other negatively 
ified; but whereas glass rubbed with silk or flannel 
s positively electrified, when rubbed with a cat's skin 

■ becomes negatively electrified. It follows from this that 
E positive or negative electrification of the material does 

bt depend absolutely on the substance of that material, 

■It depends on some peculiar relation between the two 

in contact It is proved by experiments that all 

lulators can be arranged as in the following list, which is 

fech that those first on the list invariably become positive 

pen rubbed by any of the substances taking rank alter 

1, but negative when rubbed by a substance preceding 

1, This list is given on the authority of M, GanoL 



Caf s skin. 


Flannel. 


Gtass. 


Cotton. 


Ivory. 


ShellEic, 


Silk. 


Caoutchouc 


Rock crystal. 


Rcain. 


The hand. 


Gutta percha. 


Wood. 


Melds. 


Sulphur. 


Gun cottQO. 



L Those bodies which stand far apart on the list are i 
mctly and decidedly positive or negative relatively to c 
»ther, but those bodies which appear near together on tl 
rt may possibly be misplaced. A very trifling difference in 
lecomposition of the body, or even in the state of its surface 
f of the colouring matter employed, will raise or lower the 
leofthe body in the list. A rise in temperature lowers the 
»dyin theJMi.e. a Jior body rubbed byacoWoncv 
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fcwith it in chemical composition becomes negatively elec- 
R-trified. Generally it may be said that no difference between 
fclwo insulators can be so trifling as not lo necessitate die 
■production of electricity when they are rubbed together. 
■The relative position of two bodies on the scale can be 

■ teadily tested by rubbing two insulated discs together and 
Rpbserving their action on a pith ball chained with electricity 
Kof a known character or sign, 

I § 10, The word poimtial will now be substituted for the 
['general and vague term electrical condition. When a body 
■charged with positive electricity is connected with the earth 
■electricity is transferred from the charged body to the earth ; 
■and, similarly, when a body charged with rugative elec- 
Jtricityis connected with the earth electricity is transferred 
■ftom the earth to the body. Generally, whenever two 
I conductors in different electrical conditions are put in con- 
Ltact electricity will Sow from one to the other. That which 
I determines the direction of the transfer is the relative 
I potential of the two conductors. Electricity always flows 
I from a body at higher potential to one at lower potential 

■ when the two are in contact or connected by a conductor. 

■ When no transfer of electricity takes place under these con- 
\ ditions the bodies are said to be at the same potential, which 

■ may be either high or low. The potential of the earth is 
i assumed as zero. The pgtmlial of a body is the difference 
K of its potential from that of the earth. Potential admits of 
I bemg measured and this measurement is fully described with 
L the conditions tending to produce a given potential in 
I Chapter II. Difference of potential for electricity is ana- 
I logous lo difference of level for water. From the above 
K definition it follows, that all parts internal and external of 

■ any conductor in or on which electricity is at rest must be at 
It one potential. 

I A body is said to be uninsulated when connected by a 
r conductor with the earth. Tlie potential of any uninsulated 
^Aody is neither negative nor posUive. Thwe is in this 
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view notliing to prevent our regarding the earth as an electri- 
fied body; bdeed, we know that any one part of the earth 
is seldom or never in exactly the same electrical condition 
^^as any other part in tlie neigh bo uriiood. We simply assume 
^^ns our zero the condition of the earth in our neighbourhood 
^^Kt the time being ; just as we may assume, in measuring 
j^^Bcights, any arbitrary level, such as Trinity high-water mark: 
I* 3 point above this is a positive height, a depth below it may 
be written or regarded as a negative height, 

§ 11. It is frequently said that positive electricity attracts 
negative electricity, but tliat positive repels positive and 
negative repels negative. We have stated that electrified 
bodies do present attractions and repulsions of this kind, 
and by a slight extension of language the electricity itself 
may be spoken of as attracting or repelling ; but there is a 
further phenomenon called statical induction, which does 
appear more distinctly to represent an attraction or repulsion 
f electricity, besides the attraction and repulsion of the 
todies charged with electricity, A body a brought into 
Sie nei^bourhood of a body b at a different potential 
immediately produces a distribution of electricity over the 
surface of a, such as would be produced by the system of 
attractions and repulsions enumerated in § 7. If a be 
iiarged positively it attracts negative electricity to that end 
f the body b which is near it, and repels positive electricity 
) tbe remoter portions of b. If the body B be insulated, 
f neither loses nor gains electricity, but its ends are cora- 
ketent to produce electrical phenomena of opposite kinds, 
teparating the two ends we luay retain each charged vrith 
S positive and negative electricity. Or if we connect the 
^nher end of b with the earth even for a moment, the 
s^tive electricity will be driven off to Ihe earth, and a 
manent negative charge will then be retained on b, 
therwise when a Is removed the + and — electricities on 
a recombine and exactly neutralise one another. By in- 
duction, as in the case of electricity obtained b^ tvoiiati. 
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precisely equal quantities of positive and negative elec- 
tricities are simultaneously produced. It will be convenient 
3 represent the distribution of electricity on the surfece 
of bodies by dotted lines, the distances of which from 
the surface are proportional to the quantity of electricity 
per square inch at that point ; then, if the electricity be 
positive the dotted line will be shown outside the body; 
if negative, the dotted line will ippear inside the body. 
Along one line separating the positively charged portion 
from the negatively charged portion there will be absolutely 
no charge. The annexed Figure (6) represents an original 
an induced charge represented to the eye according to 
this plan. The dotted line on a shows the original charge 



when A was at a great distance from b. When brougMH 
the position a, near b the original distribution is disturbed, 
and at the same time positive and negative electricities are 
induced at the two ends of e ; at the point e there is no 
charge. 

5 12. This induction of electricity must take place in the 
space surrounding every electrified body. In a room con- 
taining a ball electrified positively, the surface of the walls, the 
ftimiture, the experimenter himself must necessarily all ce 
charged negatively in virlue of this induction. Where does 
this negative electricity come from I If the electrified body 
has been charged positively by nibbing, and the negative 
eJectricity has been allowed free access lo (he eatV^^, \\. "cna.^ 
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be said that this negative electricity has been attracted to ' 

the surface of the walls, furniture, &c,, distributing itself 

according to deSnite laws which roust be separately studied. 

If both rubber and glass have been insulated, then each 

induces on all surrounding surfaces positive and negative 

electricities equal each to each, but these induced quantities 

are now not necessarily equal to the amount oa the glass 

J, or on the rubber, unless these be removed very far apart 

I from one another. If the two oppositely electrified bodies 

I are kept close together, their inductive actions ate spent 

■ almost entirely on each other and their action on the 
1 surrounding walls of the room is almost nothing, for 
p -where the one tends to induce a positive, the other tends 
' to induce a negative charge; as the insulated electrified 

bodies are removed farther apart each produces its in- 
dependent effect more completely. It will be found im- 
possible righdy to understand electrical phenomena without 
jalways recognising the presence of this induced charge of 
Belectricity opposite in character to the first or original charge. 
■The very existence of the original charge implies the induced 

■ charge. 

5 13. Induction always takes place between two con- 
Iductors at different potentials separated by an insulator. If 
I the conductors are at the same potential, whether tliis be 
l.high or low, there is no induction. 

If the wall of the room and an insulated body inside 
I the room are at the same potential, the insulated body 

■ will be found to produce no electrical effects. The walls 
■of the room and the insulated body might both be insu- 
lated from the earth and at a high potential, but none of 
the electrical effects hitherto described could be produced 

Bby an CKperimenter in tiie room. The insulated body would 
^ot attract light bodies; it would induce no charge or redis- 
1 of electricity on a conductor held in its neigh- 
bourhood, and would not itself be charged with electricity 
or eleccritied. To produce all these phenQmeixa. ■Sit \!L^^an.^ 
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not only that the insulated body in the room be at a 
potential, but that the surrounding walls be at a diffen 
potential. If the insulated body at a high potential i 
connected with the earth electricity would run trom it to |j 
earth, and then a negative charge would appear on t 
surface of the body and a positive charge on the inside q 
the room. The body would then become electrified, 

§ 14. Viewed in the light given by these facts the a 

tion which an electrified body A exerts on uncharged boc 

in the neighbourhood is simply due to the induced eloj 

I trification which it produces in those bodies. The lijf 

MUnmsuJated body b (Fig. 7) is attracted to the negativd 




I electrified body a in virtue of die positive charge o 
^positive charge is also repelled by die walls of the i 
which will be positively electrified by induction from \ 
The light insulated body b {Fig. 8) is attracted because j 
Icharge at the near side is attracted. The charge oa % 
r side of b is repelled, on the contrary, by the bodySj 
mt less repelled than the near side is attracted, because J 
K more distant. The charge on the near side of b is 
fcpelled from the walls of the room towards the bodyJ 
the charge on the far side is attracted towards the n 
md from A, but less than the near side is attracted, beca 
e fir side is nearer tlie walls. It is T\ol im^A\ aft- ^ 
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actions are taken into account that the forces set in action 
can be fully calculated; moreover, unless b be very small, 
it disturbs the distribution of electricity on a very sensibly. 

kin the electroscope shown in Fig. 4, § 3, the metal strips ec 
re inductively electrified by any charge on the gold leaves 
h. They attract the gold leaves and increase their diver- 
gence. They also make the action of the instrument more 
regular than it could be if glass were opposite b b, for 
the glass would always be liable to have an electrical chaise 
" B own, independently of any charge on bk 
A similar complicated series of actions occur when a 
(ositively electrified ball is brought into the neighbourhood 
"" another positively electrified ball : each ball repels its 
eighbout and is attracted by the negative induced electri- 
Ertj on the surrounding walls. If the walb were positive 
they would repel the balls back to one another, and if all 
Jirere at the same potential the two positive balls would be in 
:quilibrium and would not be electrified. 

The phenomenon of induction allows us to examine the 
(Sectrical condition of any body without abstracting elec- 
city from it. If I hold a positively electrified body over 
e knob on the electroscope (Fig. 4), the knob will be 
^egatively charged and tlie gold leave.'j positively charged 
Bby induction ; the gold leaves will therefore be deflected, 
emoval of the inducing body, the electricities re- 
mbine and the deflection ceases. It is easy, however, by 
touching die under side of the knob or plate used for this 
rpose with an uninsulated conductor such as the hand, to 
lllow the one electricity to run to earth, and then we have 
I' the electroscope permanently charged with electricity of 
the opposite kind to that contained on the inducing body. 

§ 15. The distribution of electricity can be examined in 
two ways, the first of which is the following. We may 
loiirh the surface of the body which we believe to be 
electrified with a small insulated disc called a proof f (c 
anrf tJicn remove this conductor, and observe -wVetiva 
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competent to produce any of the electrical attractions and 
I repulsions or inductions. If the conductor be small, and 
i if it be held on a long insulating stem of small size also, 
I it will not much disturb the distribution of the electricity 
I over the surface to be tested though some disturbance will 
\ always be produced by induction. Wliile touching the 
body, it will sensibly form part of the surface of that body, 
and will be chained as the body is charged at that point, or 
nearly so. When removed, it will therefore retam a charge 
nearly proportional to what is termed 
the density of the electricity at that 
point, and this density may therefore 
be tested by observing the attracting or 
repelling force which the proof plant 
is in each case capable of exerting 
directly or by induction on some body 
assumed to be at a constant electrical 
potential — for instance, on the pith 
ball electroscope. By experiments of 
this nature, the distribution of electri- 
city has been studied, and it is found 
that no electricity can be detected inside 
a hollow and empty conductor, A proof 
plane introduced (as in Fig. 9) into the 
interior of a highly electrified ball with- 
draws no sensible charge of electricity 
unless by accident it touches the edge of the aperture while 
being withdrawn. This distribution is a necessary conse- 
quence of the law that each elementary portion of a charge 
of electricity repels every other similar portion with a force 
inversely proportional to the square of the distance separat- 
ing them. We shall study hereafter a few of the laws of 
distribution of electricity on the surface of conductors of 
regular form, on the assumption that they are so far from 
all neighbouring conductors, that the distribution depends 
only on ilie form of the electtified saiiact, IWife \i 
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I show that electricity tends to accuniuhte on all pro- 
jections, and that the density at points is necessarily very 
large. Next we must study the distribution of electricity 
over two conducting surfaces opposite each other. The 
distribution in this case depends not only on the form of 
each surface, but on their proximity. For instance, the 
inside of a hollow conductor will be inductively chained 
by any elecmfied and insulated body placed there, and the 
charge on the internal surface will be greater the closer the 
two surfaces are placed. The charge is also aflected by 
; insulator separating the conductor. 

second mode of testing the distribution of electri- 
f is to remove the portion of the body the electricity of 
bidi is to be tested from the system of which it forms jmrt, 
f insulating it from that system ; its electricity may then 

t tested by the proof plane or by its direct effects. 

I % Ifl. It follows from what has already been stated (§ 11) 
lat an electrified conductor may at certain portions of its 
face have little or no charge. If those parts are touched 
' the proof plane no electricity will be removed by it. 
"bus, if a cylinder be electrified by induction, so that one 
end is positive, the other end negative, as shown on the 
body B, Fig. 6, some point near the middle at e will not be 
charged. It will not electrify the proof plane or any other 
small conductor, and even if a portion of the cylinder itself 
be removed it will give no signs of electricity. If it be 
touched by a large conductor, the whole distribution of 
^Klectricity will be changed by induction before the contact 
^H^es place. 'Thus, if I connect the point e. Fig. (s, with 
^1^ earth the whole distribution of electricity on b will be 
changed, for although e is no more charged with electricity 
than the earth itself the potential of the whole body b has 
been raised by induction from a on b ; the approach of 
the connecting wire alters the distribution of electricity, 
positive electricity accumulates opposite the wire even be- 
fore the contact is made, and the result of contiectiti^ < "RWh 
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tlie earth would be to leave the body b chaiged wth negative 
electricity only and at the potential of the earth. 

There are distributions of electricity such that the electri- 
fied conductor may actually be in contact with the largest 
conductor or with the earth without losing its electricity or 
the distribution being in any way changed, the conductor 
being at the potential of the earth ; for instance, consider the 
positively electrified conductor a. Fig, lo, insulated and 
separated from the conductor b by a thin dielectric c. Let 
there be a negative charge on the conductor a equal to the 
positive charge on a, then no sensible charge will be found 
upon the external surface of either a or b, supposing them 
held far away from other conductors. I can produce this 
distribution by electrifying A while b is in contact with the 
earth. The positive charge on a will induce a negative 
charge on b, as shown by the dotted lines. The charge 
on A will be on the .surface opposite b : the charge 
on B will be on the surface opposite a. I may then 
allow eitha: a or b to be in connection widi die earth 
without sensibly disturbing the charge on a or b. If I 
allow both to be in connection with the earth or with one 
another, the electricities will combine and neutralise one 
another. The dielectric need not be solid, as in Fig. lo, 
but may consist of air only, as in Fig. ir. The distri- 
bution of electricity described is that which occurs in 
a charged Leydm jar (Fig. 12). The outside coating a has 
a large charge of electricity almost equal to the charge of 
the internal coating b ; nevertheless none of the electricity 
runs from the outer coating to the earth. The potential 
of the outer coating is zero. It is often said that eleclricity 
in this case is latent or fixed — in tmth it is no more latent 
or fixed than any other charge of electricity. The distribu- 
tion in this case is such that no sensible charge is on the 
outside of the outside coating, the whole quantity being on 
the inside of the outside coating. 

// we were to form a Leyden jar wilK a.i\ oi^ening ad- 
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nutting the introductioD ofa proof pluK b 
and outer coaDngs, we du^ taJte off from etther o 
quantity propontonal to die charge at each plac& 
hat we do when by the proof plane we r 
ion of the charge fiom a cmtdoctor inside a room, A 
the walls of a fooid inside which an dtcDified bodf fl 




There is bo difference in theory- between the inner 

3 outer coatings of the Leyden Jar ; the outside of the 

r coating, the inside of the outer coating are charged, 

I these electricity can be withdrawn by the proof 

; from the other faces of either coating none can be 

Tiencver a conductor is charged a kind of Leyden jar is 
^ssaiily fonned. The conductor is the inner coating. 
^ air the dielectric, and the nearest surrounding conductors, 
I as the wall of the room or the person of the operator. 
Twin the outer coating; but tlie name of ' Leyden jar* is 
reserved for those cases in which the two opposed con- 
ductors are brought very close together purposeV-j, t'aa 
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. arrangement is also called a condenser or accumtdator. The 
difference of potential between the two coatings of the 
Leyden jar remains constant whichever coating is in connec- 
tion with the earth. If the original charge on the inside be 
positive, the outer insulated coating will be at a negative 
potential when the inner coating is put to earth. 

§ 17, The quantity of electricity on a given conductor 
may be measured. The existence of the quantity of elec- 
tricity is proved merely by the force which it exerts on other 
quantities of electricity. In order to measure quantities of 
electricity we must therefore measure the relative forces 
which different quantities exert under the same circum- 
stances : if a quantity a of electricity exerts twice the force 
that quantity b exerts under precisely similar circumstances, 
we may properly say that quantity a is double the quantity 
B. In order to measure anything a unit must be adopted. 

The unit quantity of electricity may conveniently be 
called that quantity which, concentrated at one point, 
would exert the unit force upon a similar and equal quantity 
concentrated at a point distant by one unit of length. There 
are many different units of length and force which might be 
adopted. The units chosen by the author in the present 
work are the centimetre for the measure of length \ and 
the force capable of giving in one second a velocity of 
one centimetre per second to a gramme mass for the imit 
of force. The unit quantity of electricity upon this system, 
known as the electro-static system, is that which if concen- 
trated at one point would repel an equal quantity at a point 
one centimetre distant with such a force as would, after 
acting for one second, cause a gramme to move with a 
velocity of one centimetre per second. Another unit of 
electricity might be defined as that which would repel a 
similar unit with the force of one grain at a distance of one 
foot The idea at the root of both definitions would be 
identical, but the apparently more complex definition leads 
to greater simplicity in calculatiotis. ^mg^ 
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§ 18. The practical raeasurernent of quantities of electri- 
city can in many cases be made by direcdy tneasmii^ the 
electrical forces in action; the apparatus in which these 
forces are weighed is called an absolute de^rawuter. Any 
apparatus in which the forces prodoced by difierest quantities 
under the same circumstances are nmnericaQy compared bat 
not actually measured in units of force is tenued an tt/ctft- 
miter. Indirect methods of measuring quantit)- are often 
more convenient for practical ptnposes, but these meaHue- 
ments can and ought to be alt made in units of the kind 
described. Id studying the distiibutioD of electricity under 
various conditions, we must not be satisfied with nerdy 
knowing generally that at certain p<nnts there will be more, 

tat others less, electricity; we must not even be satisfied 
with knowing the relative amounts on various potoU of a 
nven conductor ; we must aim at knowing exactly the 
quantity of electricity per square unit of sor^ce, which u 
termed the density of the electrical charge. The electio- 
fueters employed in comparing quantities of electricity on 
diBereni portions of any sur^ce or sui&ces must give as 
die relative amounts oo various points, or they will not be 
measuring instrameWs. An absolute electromet« docs more, 
it gives not only the relative but the absolute amounts. 
S IB. Hitherto electricity has been spoken of as pro- 
1 directly by fricrion and indirecdy by statical induc- 
1 only; there are several oiber modes by which elec- 
ci^ is produced : — t. The simple contact of two in- 
tated pieces of dissimilar metals results in charging one 
il with positive, the other with n^ative electricity in 

isely equal amounts ; or it may be more correct to say 

that after contact the metals are found to be thus dissimilarly 
chafed. The charges so produced or observed are ver^' 

f2. If a metal be dipped in a li'ijuid a similar 
occurs, the liquid and the metal being electrified in 
te ways. A difference of potentials is produced by 
niact The amount of el^ctriGcauon diff^w xtWi, 
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different metals and different liquids, but is always very 
small compared with that which might be produced by 
friction. 3. When two dissimilar metals are plunged side 
by side into a liquid, such as water or a weak solution of 
■sulphuric acid, they do not exhibit any signs of electrification. 
The three materials remain atone potential or nearly so.' 
Aiurtherdescriptionof this curious fact is given Chapter II. 
§ 22. 4. If while the two dissimilar metals are in the 
liquid they are joined by metallic contact to terminal pieces 
of one and the same metal, these terminal pieces wilf be 
brought to the same difference of potentials as that which 
would be produced by direct contact between the dissimilar 
metals. Thus, though zinc, water, and copper in an insulateij 




jar are all at one potential, if I Join a copper tenninal to the ' 
zinc, then this copper terminal will become positive rela- 
tively to the zinc, water, and second copper, which all remain 
aC one potential. 

The name of galvanic cell is given to an insulating jar con- 
taining two dissimilar metals plunged in a liquid composed 
-of two or more chemical elements, one of which at least 
tends to combine with one or other of the two metals, or 

' The Voltaic tlieory of the galvanic cell is adopted in this treatise. 
The above statement is in direct contradiction with many treatises oij 
clectndtj, vtlucb gBoerally state that the metals become one Qositrptf 
\d the other ne^tive- Vidt Chaptei 11. S 23. 



Electric Quantity. 

K)th in different degrees. But whereas in the single cell no 
charge of electricity is given to either metal, if we insulate 
successive jars of the liquid one from another, and plunge 
successive pairs of metals, c and z, joined as in Fig. 13, 
into these jars, very considerable chaises of electricity will 
be communicated to conductors in contact with the final 
plates of metal ; thus, if coppers and zincs be used, the 
liquid being water or a weak solution of sulphuric acid, the 
last copper plate will charge a conductor positive!)', the 
last zinc plate an equal conductor n^atively. Sulphate 
c will be formed during the process, and this chemical 
tion is found to be essential to the production of any 
jonsiderable quantity of electricity in this manner, which is 
lierefore often said to be due to chemical action as dis- 
inguished from friction. The charge of electricity obtained 
i way may be looked upon as wholly due to the 
jhemical acdon ; but, on the other hand, it may be looked 
i due to the successive junctions between the zincs 
md coppers, and it is found that the amount of charge 
pbtained in this manner on a given conductor is simply 
proportional to the number of these junctions, and that it 
depends on the raetals in contact, not upon the liquids. 
In other words, the difference of potentials produced is 
roportional to the number of junctions. These two views 
Ire called respectively the chemical theory and the contact 
ueory of the galvanic cell, and have been supposed to be 
■■compatible. They are both true. 

\ § 80, There is no difference whatever in kind between 
e electricity produced by friction and that produced by 
Beinical reaction. It is worthy of remark that, in each 
;,the electricity requires for its production the contact of 
iDar materials. This contact requires to be supple- 
1 by friction in the case of insulators, by chemical 
tction in the case of conductors. The friction between 
o dissimilar insulators invariably produces electricity. The 
e of the chemical action of any condutuv.^ Xxo^A 
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compound on two dissimilar metals produces electricity 
Tlie analogy between friction and chemical a 
known. Electricity in each case is produced so that equ -^ 
quantities of positive and negative electricity are simult-^| 
neously produced. This is sometimes expressed by say'az^m^ 
that all bodies are always electrified, and that the conta^:^ 
and friction, or contact and chemical action, produc^^ 
merely a redistribution of electricity, j 

5 2L Electricity may also be produced by the simpL^I 
pressure, or indeed contact, of two dissimilar insulators. 
The electricity will be retained by the insulators after their 
separation This is precisely analogous to the production 
I of electricity by the contact of two conductors. 

5 22, Certain minerals when warmed acquire an electric 
charge, differing in sign at different parts of the mineral j 
thus, one end of a heated crystal of tourmaline will be 
positively electrified, while the other is negatively electrified. 
This electricity is sometimes called pyro-electricity. The 
phenomenon has not been much studied ; the electrical 
charge is probably due to a polarity in the structure of the 
tourmaline at different parts, which virtually makes in one 
crystal a system Hke that of a magnet having opposite pro- 
perties at opposite ends. The electrical phenomena pro- 
duced by the contact of dissimilar metals are produced 
even when the dissimilarity consists merely in the difference 
of temper in one and the same piece of metal. A soft and 
a hard piece of brass wire beha.ve as dissimilar metals, 
although their chemical composition may be identical. If 
this view be correct, we may say that, wherever electricity 
is directly produced, it requires the contact of tivo dissimilar 
materials. 

§ 23, The attractions and repulsions produced by elec- 
tricity have hitherto been spoken of as absolute, or as being 
produced under all circumstances j but if an uninsulated metal 
plate D (Fig. 14) be interposed between an electrified body A 
l-iJi/f^fie/nsu/ated suspended pith baU Ba.\\a.ttt!iii^QTic«te5>iv- 
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ti will cease, just as if the metal plate were opaque fo H 

jic influence. If, however, the metal plate c 
Finsulated (as in Fig. 15) it will increase the attraction d 
Ision instead of destroying them. These two apparently -^ 
erent effects are due to the different distributions of elec- 
fely produced in the two cases, 

k be electrified positively, and the plate D be uninsu- 
hen on the side next a a negative charge will be 
puced, diSiised over a considerable surface ; the effect 
his diffused negative charge is very nearly to neutralise 
H attractions or repulsions due to a, on the farther side of 
the screen. The metal cap of the electroscope (Fig. 4) is in- 
tended to screen the gold leaves from inductive effects, and 
should not be insulated. The whole glass case should be 
coated with an open wire case for the same reason. 

When, however, the metal plate d is insulated the farther 



^ 




side of D becomes positively electrified as a was, the charge 
on the side n near to a and the charge on a nearly neutralise 
one another as before; but the positive charge on the far 
side/of D is thus lefi free to attract or repel, and the result 
is the same as if the body a had been advanced in the direc- 
tion of the screen by an amount equal to the tliickness of the 

We can now understand the reason why a.Le^>icii iai ciaa.- 
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taining a very large quantity of electricity neither attracts 
nor repels light bodies in its neighbourhood. The effect of 
the more concentrated inner charge and more diflfused outer 
charge is such that one precisely neutralises the other. Tliis 
statement is here made as of a fact ascertained by experi- 
ment It can also be theoretically demonstrated. 



CHAPTER II. 

POTENTIAL. 



§ 1. The word Potential^ introduced by Green, has only 
lately been generally adopted by electricians, and is still 
often misunderstood ; it expresses a very simple idea, and one 
quite distinct from the meaning of any other term relating 
to electricity. 

As already explained in Chapter I. § 7 difference of 
potential is that difference of electrical condition which de- 
termines the direction of the transfer of electricity from one 
point to another ; but electricity cannot be so transferred 
without doing work or requiring work to be done, hence 
the following definition. Difference of potentials is a differ- 
tnce of electrical condition in virtue of which work is done by 
positive electricity in moving from the point cU a higher potential 
to that at a lower potential, and it is measured by the amount 
of work done by the unit quantity of positive electricity when 
thus transferred. The idea of potential essentially involves 
a relative condition of two points, so that no one point or 
body can be said simply to have an absolute potential but 
for the sake of brevity. 

The potential of a body or point is used to denote ilie differ- 
ence between the potential of the body or point andthepotenticU 
of the earth. 

These definitions require considerable illustration before 
they can be fully understood. 
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Electrified bodies repel and auuact one asKtAxa, xbA 
a slight extcDsion of bngua^e we say that a. cptMB^tf 
positive electricicy attia£t$ a qnantity of ne^dvc, bat 
a quantity of positive electricity. I^ tfaer^oFc, we 
quaDtity of positive electridty towards atiod>eT 
quantity we meet with a reastance capable of 
meat, equa!,foreKainple. to thewcigtit of somaoygiaitts. In 
overeotoing this resistaace work must be dooe^ precisdy as 
work must be done to HA a ponnd or a grain. The work 
done in moving a body from a to b is measured by the 
product of the distance multiplied into the force o%'ercome ; 
if the weight of a grain be the unit of force and the foot the 
unit of distance, the miit of work will be the foot grain. If, 
then, in moving a certain quantity of cleccridt)' from a to B 
we overcome a resistance of ten grains through a space of 
five feet we do work equal to fifty foot grains during the. 
operation. On the other hand, the repulsion or attract 
of electrified bodies tends to perform work; for the bodyji 
broi^ht to B may be driven back to a by the force 
electricity alone. Id the one case, work is said to 
done upon the electrified body in consequence of its eiectri- 
fication; in the other case it is done fy the electrified body 
in virtue of its electrificauon ; less accurately we might 
say the work was done by the electricity, or performed -upon- 
'lie electricity j the measure of the work is the same in the 
ivo cases, which are analogous to letting a body fail from 
the level A to the level e, and raising it up again firom B 

to A. 

§ S. An electrified body moving from one point to another 
may at one time require work done upon it in order to 
overcome the resistance; at another part of the journey it 
may pull in the direction it is going and then work is done 
by it I speak here only of the work done or required in 
consequence of the electrical condition of the body. 

The whole work which has been required in consequence 
of electrical attractions or repulsions to move it from any 
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point A to anj' point B will be the algebraic sum of the work 
done by and done upon the electrified body, the first being 
called positive and the second negative work. 

Thus, if in moving the electrified body from a to b, we first 
have to overcome a resistance, and do work upon it equal to 
I o foot grains, whereas afterwards it pulls towards B, doing 
work equal to 30 foot grains, then in the whole passage 
fi-om the point a to the point b the work done by the body 
may be said to be 20 foot grains; it is true that during one 
part of the passage it did more than this, but only after 
having required aid previously. 

The path followed in going from a to b will be a matter of 
indifference so far as this total work done by or upon the body 
is concerned. We have a precisely analogous case in gravi- 
tation; abodyof apoundweightinfallingfroma height of 4.0 
feet to a height of ao feet above the sea, will do necessarily ao 
foot-pounds of work in virtue of that fall, no matter what path 
it follows. We may lift it above A and do work upon it by lifting 
it before letting it fall, still the whole work done by the body 
in its passage from A to B and in virtue of that fall will be ao 
foot-pounds ; it may fall by the most roundabout or the most 
direct road, the work done will be the same; it may fall 
below the level of a, and bound up to a: the whole sum 
of the work will be unchanged, depending merely on the 
difference of level between the first and second spot. This 
work may indeed be represented in various ways : thus, if the 
body fail direct through a vacuum the work appears in the 
form of what is called actual or kinetic energy ; that is to say, 
it is wholly represented by the motion of the mass. If, on 
the other hand, the body falls slowly, lifting another weighty 
the work will be represented partly by the weight lifted, 
partly by the heat due to the friction of the mechanism; bat 
the work done by a body due to its fall from one level to 
another is constant in amount however various in form, 
The work done in overcoming electrical force or done by 
electrical foice. is subject to the same \a.v(. 
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Potential. 

§ 3. In moving a weight from a. poir 

|the same level no work on the whole is e 

jythebody in respectof its weight; and 

Tismali electrified body from a point Atoi 

it may happen that the point b is so situated that o 

wiiole no work is either done upon or by the body in re- 

specl of the electrical forces in action on the body. In that 

Ihe two points might be at the same electrical level 

ight, but the recognised term in respect of electrical 

is potential ; the points A and B are at the same 

al. If our suiall electrified body, for instance, be 

I round another iai^e electrified body, neither ap- 

aaching nearer nor receding farther from it, and so iar 

1 all other conductors as not to be sensibly attracted or 

elled by them, it will pass along a path every point of 

ti is at the same electric potential 

1 moving any actual body from spot to spot some work 

t always be performed to overcome friction, but as in 

ing a heavy body from one point to another, at the same 

favitation potential or level, no work is required in respect 

s gravitating properties, so in moving an electrified body 

o one point to another at the same electrical potential no 

; IS required in respect of its electrical properties, 

lugh of course work will certainly be required to over- 

e friction and may be required in respect of gravitation 

e body be raised or in respect of inertia if we accelerate 

p motion of the mass. 

. Tlie potential of a body is the excess or defect of its 

tial above or below that of the earth in the neighbour- 

kJ — the potential of the earth at that point being arbitrarily 

d as nil. 

Tie potential increases in proportion to the increase of 
; done by any given quantity of electricity in moving 
Q the point to the earth ; and since the potential is pro- 
1 to the work and to the quantity of electricity 
red, and to no other quantity, t^f potential of a {loint 
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is measured by iJie work which a positive unit of electricity 
does in passing from that point to the earth. The unit 
quantity of electricity might, so far as this definition is 
concerned, be chosen arbitrarily, but there is a certain 
convenience for many calculations in choosing the unit as 
defined in Chapter I. § 17. Every point everywhere may be 
said to be at a certain electric potential, just as every point 
ever}nvhere may be said to be at a certain level above or 
below a datum line arbitrarily chosen, such as the Trinity 
high-water mark. In speaking of the potential at a point 
it is as unnecessary to conceive of the presence of any 
electricity at that point as it is to think of the presence of a 
heavy body at a point when we speak of its height above 
the sea. 

§ 5. The electric potential at the point depends on the 
electrical condition of all bodies in the neighbourhood ; that 
is to say, sufficiently near to exercise any sensible force on 
a small electrified body at the point. Moreover, in testing 
the equality of the potential at two points by the work 
done upon or by an electrified body in its motion from one 
point to the other we must remember to choose a body con- 
taining only a very small charge of electricity, which we 
will call the test charge ; otherwise, the m.ere presence of 
this test body or test charge of electricity would sensibly 
change the potential at the point at which it was at the 
time of the experiment; increasing or decreasing for the 
time being the work which must be done in order to 
bring any other small quantity of electricity to that point 
At first it might appear as if the analogy of gravitation 
deserted us here, but that is not so; for if I say that 
two points A and b shall, relatively to the earth, be at 
the same level when no work is done upon or by a 
heavy body in passing from one to the other, I must 
remember that in placing a heavy body at the point a, I do 
change for the time the gravitation level of that point if the 
body be of sensible size compared with the earth; for its 
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K has increased the attraction of all other heavy; 
bodies to A, so that for the time being a small weighti^ 
passing from a to b would do work ; the position of the! 
centre of gravity of the earth having been changed, 

§ 6. The difftrtnce qffoteniial between two points a and b, 
being the difference of condition in virtue of which eleo- 
tricitydoes work in moving from one to the other, is measured 
by the work required to move a unit of electricity against 
electric repulsion from a to b, or, what is the same thmg, 
it is measured by the work which a unit of electricity would 
do while being impelled from b 

The point a is said to have a higher potential than 
B if a unit of positive electricity in passing from 
performs work. It is assumed that the unit of electricity 
does not disturb the distribution of electricity in the neigh-j, 
bouihood. 

The conception of the work which must be done upon ot.] 
by electricity in passing from one point to another must- 
be grasped as the only idea which can explain difference' 
of potential. When bodies are spoken of as being 
same electrical condition we mean that they are at the same 
potentiaL Difference of potential can therefore be expressed 
in foot grains or any other recognised unit of work. 

In this paragraph the work is spoken of as being done by 
the unit of electricity simply to avoid the awkward periphrasis 
• done by a small electrified body chained with one unit of 
electricity' and 'done in consequence of the electric charge 
only.' That is to say, it is the extra work which must bt 
done in moving the body from the one place to the other " 
consequence of its being electrified. 

§ 7, Let us apply our definition to special cases, Fi 
take an electrified conductor on which electricity is at r 
having assumed that distribution which is determined 
n shape and the shape and position of neighboui 
tfuctors. All points on the surface of such a conductor 
t the same potential. If any one point a were at 
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higher potential than another b, the electricity at a would 
as surely run to b as a weight would fall from a higher level 
to a lower unless resisted by some force ; whereas, on the 
conductor there is no impediment to the free motion of 
electricity. One end of the conductor may be positively 
electrified, the other end negatively electrified ; the centre 
may have no sensible charge as in the body b, Fig. 6 ; never- 
theless all points of the surface are at the same potential, for 
I might move any little electrified body all over the surface 
without its being retarded or impelled in any direction by 
electrical forces. All points in the interior of the conductor 
are also at the same potential as the surface, although no 
charge of electricity is ever found at any internal point 

The little test charge of electricity, when introduced into 
any cavity in the interior of a body, would be equally ready 
to move in all directions, and would be in perfect equili- 
brium. At first it might seem that inside or outside the 

body a unit of positive elec- 
^*°- '^- tricity a (Fig. 16) would be 

"** attracted by that end N of the 

conductor n p which was ne- 
gatively charged, and would 
be repelled by the other end p; 
but in thinking thus we forget the influence of the external 
neighbouring conductor m, which has already produced 
the arrangement of the charge upon n p. The test charge, 
wherever applied, will not tend to move in one direction 
more than another, but to subdivide itself over the large 
conductor n p, in the same manner as the original charge 
is distributed. 

§ 8. Let us next consider the space round a changed con- 
ductor, this space being necessarily filled with air or some 
other insulatqr. First, conceive the conductor to be uni- 
formly charged with one kind of electricity, as a sphere might 
be in the centre of a spherical room (Fig. 17). Then the 
space diost to the sphere would be very nearly at the 
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^potential as the spireic, fof our test duige of ( 
would do verjr little wotic in movii^ np t 
attracted to it, and would require EnJe work to be <i 
upon it to move it up to the sphere against the i 
force. Let us conceive ^x poteniial of tie sphere to be 
positive and the test chaige positive alsa. Then the 
potential of the space round the sphere &!is, or b«o«ae» 
less positive as we recede from the sj^erc. The ' *-"■ 
required to bring the test cha^e to the ^_ 

ball increases as it is removed &rther 
aad farther from the ball, althoagb the 
force with which it is repelled dtnu- 
Dishes. Again, the case is analogous 
to lliat of gravitation. The wodc which 
a body will do falling to the earth in- 
creases as the height increases from 
which it falls, although the attraciioD 
hetweeo the earth aad the bcxjf diminishes 
iTorn the earth. 

§ 9. As the test chaige approaches the wall of the n 
suTTounding our positively charged sphere, it a 
lU^ative chaige of eiectricil/, aod is more and more ai 
I hy it; this attraction fiirther increases the work reqi 
' brii^ the test charge back to the electrified s{rfiere, a 

potential falls faster and bstcr. Tbe faQ condones BBti] dtc 
test chaige touches tbe wall of tbe room, which is ihas shown 
to be oecessaiilf at a lower potential than tbe cfaaiged 
sphere. Had we b^nn with a o^atiTe charge on die 
Internal sphere, we diould hatre {bund that tbe waQ of the 
room would have been at a higher potential than tbe (phcie. 
Thus we find thai there is a necessary difiercoce uf potential 
between the inner and outer coating of a Leydo) jar, Oi 
generally that any two conductors between which tadDOioB 
is taking place must be at different pocenliali. 

The potential diminishes gradually from the internal tpbere 
to the suirounding conductor, and aH ontoennw VjiaxitsL 
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Fig. z8. 



surfaces will be at one potential, i.e. we might, so far as 
electrical forces are concerned, without doing or receiving 
any work, move the test charge all over any concentric 
spherical surface, indicated by the lines /i, /2,/3, in Fig. 17. 
Whatever be the shape of the internal electrified body, I 
may conceive in the dielectric surrounding it equipotential 
suifaces of this kind, the form of which will depend on the 
form of the internal and external conductors. 

We may further conceive successive equipotential surfaces 
separated by such distances that the same amount of work 
would be done by the test charge in moving from any one to 
the next An equal amount of work would be required to 
move the test charge back from any one of these surfaces to 
that adjacent to it and at a higher potential. 

§ 10. Consider the more complex case of a body charged 
partly with positive and partly with negative electricity but 

all at one potential. This in- 
volves a complicated distribution 
of electricity in neighbouring 
conductors, such, for instance, 
as is shown in the annexed dia- 
gram (Fig. 18). 

Very near the surface of the 
conductor a, the potential of the 
dielectric will be sensibly the same as that of a, and there 
is nothing here to indicate whether the potential of a is 
positive or negative relatively to the general enveloping 
conductor b; but receding from a towards c the potential 
of the space falls, whereas, as we pass from a towards d, it 
rises ; again, receding from d towards the envelope B, the 
potential falls, but as we pass from c to the envelope the 
potential rises, so that close to b the potential is the same 
at all points, but whether higher or lower as a whole, there 
is nothing in the diagram to tell us. All these conclusions 
are deduced from the simple conception of the work required 
to move our imaginary test charge from place to place. Nor 
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7i.T\ any simpler conception be suggested. We see from the 
l3ove diagram, that a body charged with negative electricity 
.liglithavca positive potential relatively to a point charged 
I ith positive electricity, and vice versA. For the body a 
iia-yall be at a positive potential relatively to the body b, 
'tftithstanding the fact that the part a of this conductor 
^S negadvely charged while some point of e, such as b, is 
itively charged. 
§11. The charge induced between two opposed con- 
Euclors separated by a dielectric, implies a difference of 
potential between the conductors as shown above. More- 
"^ver, as the difference of potentials increases, so roust the 
■nduced chaises increase, for in order to malce it more and 
■nore diificult to move the test charge from one surface to 
''le other, the repulsion from one side and attraction to the 
' 'ther must increase, and this additional attraction and 
"^pulsion can only be increased by increasing the quantities 
■^'" electricity. On the other hand, so long as the difference 
'■-'f potentials between the surfaces remains constant the 
*-harge on the opposing surfaces must remain constant; both 
potentials may rise and fall together, but the constant 
^lifference of potential implies a constant internal charge. 
'^O example will make the meaning of this statement clear. 
Suppose an ordinary Leyden jar to be charged with negative 
^'ectricity and to have its outer coating in connection with 
"arth. The potential of the inner coating will be negative, 
'■^latively to the earth ; and calling the potential of the earth 
^^ro, as is usually done for brevity, we may, as stated in 
5 4. simply say that the potential of the inner coating of out 
'^'' is negative. There will be a positive charge of electri- 
fity on the inside of the outer coating of the jar equal to the 
"^gative cJiarge within. 

Insulate the outer coating, and electrify it with a positive 
l^'iarge. Its potential will be raised, but the potential of the 
"'Der coating will be raised by a like amount. The negative 
•charge will remain inside the jar uodistuibed m a.taaMa\. ■, 
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Fig. tq. 




opposite to it will remain the positive charge on the inner 
side of the outer coating, the only change being that on the 
Quter side of the outer coating we have now a positive 
charge. The effect of this additional positive charge will be 
to increase the work required to bring our test charge from 
a distance up to the jar, or to any point inside the jar, Le. 
the potential both of inside and outside and of all adjacent 
points has been raised. 

§ 12. Next, suppose that two jars (Fig. 1 9), having their inner 

coatings in electrical connection, are 
charged with negative electricity, the 
outer coatings being uninsulated, ie. 
at the potential of the earth. The 
potential of the inner coatings will 
be negative, and if the two jars are 
equal in all respects, the negative 
charge in each will be equaL In- 
sulate jar A, and increase the poten- 
tial of its outer coating by electrifying it positively. The 
negative charge will now redistribute itself between the two 
jars. 

The potential of the outer coating of B remains constant 
The potential of the inner coatings of a and b must be 
uniform throughout, since they are in metallic connection. 
Their potential as a whole will be somewhat raised, but 
not so much as that of the outer coating of a ; hence the 
difference of potentials between the coatings of a, will have 
been increased, and its internal charge will have increased, 
and this will have occurred at the expense of b, where the 
difference of potentials between the inner and outer coatings 
will have diminished. 

§ 13. If one coating of any Leyden jar be kept at a 

constant potential, such as that of the earth at the spot is 

generally assumed to be, the quantity of electricity which 

the other coating contains is simply proportional to its poten- 

tial, a {a.ct determined by expeiimetvt Thus, if I have the . 
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■ leans of producing a constant potential, or rather a constant 
'■■ iTerence of potential, from that of the earth, I shall also 
' ive the means of collecting a constant quantity of electri- 
; ty. The charge assumed by any insulated conductor inside 

- conducting envelope, however far remote, is simply propor- 
■lonaltothe difference of potentials between the envelope 

- nd insulated conductor ; and as a limit we may say that 
"lie charge on any insulated conductor, when there are no 
electrified bodies in the neighbourhood, is simply propor- 
iiona! to the potential of the conductor ; that is to say, 
the difference of its potential from that of the earth. The 
t'^rce it exerts is proportional to the quantity, and thi 
required to overcome that force is proportional to the 

, force. 

I 5 14. In a Leyden jar it is immaterial which of 
ngs is in connection with the 
, or whether either of them be Fig, lo. 

Connection with the earth is 
erely a device for keeping the po- 
Wtial of that particular coating con- 
' nt, or nearly so, by maintaining it 
I connection with a very large con- 
Thus, the inner coating of a 
^when in connection with the earth, 
I take a negative charge if the outer 
feting be positively electrified, and, 
! difference of potentials being the 
Joe, this charge will be precisely the 

"n amount as if the outer coaling had been in con- 

I with the earth, and the inner coating had been 

irecily electrified by negative electricity. 

§ 15. Let us consider the construction of electroscopes 

|*y the light of the knowledge we have now acquired; for 

'"stance, tlie gold leaf electroscope, Fig. zo. 

The repulsion between the two gold leaves a and b de- 
P^Jids on the qMsntity of eJectricity with "wliidi \Iti^ Mft 
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charged. But upon what does this quantity itself depend?. 
Merely on the difference of potential between the gold leaf 
and the conductors c and d immediately surrounding it 
When tlie gold leaves a and b are connected with the 
electrified body a to be examined, a b and a assume 
tlie same potential; then the quantity of * electricity ac- 
cumulated on the gold leaf depends on the difference 
of that potential from the neighbouring conductors c 
and d) let c an^i d be insulated, and at the same poten- 
tial as A, then, no matter how much electricity there 
may be on a, none will come to a and b, and no diver- 
gence will occur in the leaves. In the ordinary construc- 
tion of electroscopes, some parts of the siurounding con- 
ductors c dnd d are glass, and their potential depends on 
conditions over which we have no control ; c and d should 
be in a metal case with openings, to allow a and b to be seen; 
for instance, a wire cage round glass, the meshes of which 
approach sufficiently near to keep the whole surface of the 
glass at one potential ; then, if ^ and ^ be in connection with 
the earth, a and b will be charged with electricity whenever 

there is a difference of potential between 
A and the earth. Exactly similar reason- 
ing applies to the Peltier electroscope, 
Fig. 2 J. In this instrument instead of 
the gold leaf we have a rod a b, free to 
move on a vertical axis v, and repelled at 
each end by a fixed conductor c d in 
electrical connection with it, but placed 
on an insulating support d; the rod is 
directed by a small magnet m n ; the in- 
strument is so placed that when c d has 
no charge of electricity, the magnet places 
the rod just clear of these fixed conductors 
c and d ; then when b with a b are all charged with electricity, 
the rod a bis repelled until the force of electric repulsion is 
just baJanced by the directing force of the magnet. The 
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rce depends on the quantity of electricity on the rod and 
balls, but this quantity is proportional to the difference of 
potential between the system b f </, &c., and the enveloping 
conductor a, which is not shown in the drawing but which 
encloses die whole insulated system b i- rf. This electroscope, 
therefore, like the preceding one, and like all others, indi- 
ntes difference of potential by means of the quantity 
^^^ that diliference causes to accumulate on an insulaK 
^^Ructor. 

^pEk the instruments usually made there is a divided ring 
^ow how far the rod a i is deflected. The instrument" 
indicates more conveniently than the gold leaf electroscope 
whether a given potential be higher or lower than another; 
but inasmuch as the deflections are not proportional to the 
difference of potential between a b and the case a, and are 
not even connected by any simple law with this difl'erence 
of potential, the Peltier electroscope cannot be used to 
measure difference of potentials, i.e. to compare two poten- 
tials or differences of potentials accurately, so as to allow us 
to say that one is distinctly two, three, or four times as great 
as another. For this purpose we require much more com- 
plex arrangements, electrometers or instruments in which 
the attractions and repulsions produced by given differences 
of potential between the parts can be calculated definitely. 

All electrometers measure directly differences of potentials, 
and measure quantities only indirectly. 

§ 16. If two electrified conductors a and n, which are 
at the same potential, be joined by a wire, no disturbance 
in the electric distribution on the system will take place, 
unless indeed the wire be of sensible size relatively to the 
other conductors, and at a different potential ; but, assum- 
ing the wire to be small, or at the same potential as a and 
B, the electricity on the bodies after being joined will be in 
equilibrium as before, the necessary condition of equality 
of potential throughout being satisfied. If, on the other 
hand, A be at a higher potential than b, positive electricity 
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must, when the connection is made, flow from a to b, to 
re-estabhsh electric equilibrium. The amount of the elec- 
tricity thus transferred must be such as will restore the 
equilibrium ; it will be great when the difference of poten- 
tial is great and when the size of the bodies is large, and 
small under the opposite conditions. The existence or 
continuance of the flow of electricity from one point to 
another depends solely on the difference of potential 
between the points. The magnitude of the conductors has 
only one influence in the result, by requiring that a larger 
quantity of electricity shall flow to re-establish equilibrium. 
We may illustrate this by an experiment with water. If we 
join two reservoirs of water, big or little, by a pipe, no 
tiow takes place from one to the other if the surfaces of 
the water in both are at the same level. If they be not, 
the flow will take place from the higher to the lower ; the 
quantity of fluid transferred depends on the capacity of the 
reservoirs and original difference of level: it continues 
until the level is the same in both. Substitute potential for 
level, electricity for water, conductor for reservoir, and the 
above statements are all true for electricity. 

§ 17. If I put one end of a wire in connection with the 
earth and the other at a point x in the air (which may 
be at a very high potential) no electricity flows through 
my wire from the point to the earth, simply because at 
the point in question there was no electricity to flow, its 
capacity and charge being zero ; but the potential of the 
point will have been changed by the mere presence of the 
wire to that of the earth. For this purpose, while the 
wire was approaching the point, a redistribution of electri- 
city on its surface has been going on under the influence of 
the induction to which the potential of point x was due. 

If the wire has a sharp point so that a very small quantity 

of electricity will produce a great density, electricity will 

actually flow from the air to the earth; successive particles of 

air negatively charged will fly fiou-v the point, and be replaced 
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by particles of ^ positively charged, each of which will 
discharged tlirough the wire. If the potential of the point 
be sufficiently high the phenomenon is accompanied by noise 
and a brush of light. A lighted match on the end of tlie 
wire also allows the transfer of electricity to take place; the 
burnt panicles fly off with the charge of one sign and the air 
about to be burnt brings electricity of tlie other sign to the 
wire. 

§ 18. By definition the difFerence of potential was de- 
clared to depend on the work done by or upon electricity 
in moving from one point to another. The nature of the 
work done by or to a quantity of electricity moved on a 
conductor by or against a force of attraction or repulsion is 
clear enough — a tangible force is used or overcome j a solid 
body is either put in motion, or its motion is resisted; but 
when electricity moves along a wire from a body at one po- 
tential to a body at another, no solid body is moved at all, 
and no equivalent work appears at first sight to have been 
done. The equivalent is found, however, in heat generated 
in the wire by the passage of the electricity. It is well 
known from the research of Joule that 772 foot-pounds of 
work are equivalent to the quantity of heat which raises i lb. 
of w.iter 1° Fahr., and although no visible mechanical work is 
^^^one, where a quantity Q ofelectricitypassesalonga wirefrom 
^^Kto B, heat is generated precisely equivalent in amount to 
^^Be work which the attractions and repulsions of the elec- 
l^lpfied bodies a aad b would have done when acting upon 
U the same amount of electricity q, conveyed on a small 
moving conductor from the body a to the body b. We 
shall find that electricity in motion is capable of doing 
work in other ways, but in whatever way work or its equiva- 
lent is produced by electricity moving from A to B, the amount 
will always be equal to the quantity of electricity transferred 
multiplied into the excess of potential of a over b. 

§ 19. Difference of potential may be produced by mere 
induction. A small insulated conductor placed at any point 
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, in space where, owing to the neighbourhood of electrified 
bodies, the potential was x, will itself assume the potential x, 
without losing or gaining any electricity. Then if this body 
be connected with the earth, electricity will flow from the 
body to or from the earth sufficient in amount to bring 
the body to the potential of the earth ; if x be positive, the 
current will be to the earth ; if ^ be negative, the current 
will be from the earth to the body. 

§ 20. Difference of potential is produced by friction 
between insulators followed by separation. Two insulators 
rubbed against each other become oppositely chaiged, 
and there is a difference of potential between them. It 
is probable that for each pair of substances rubbed to- 
gether there is a certain maximum difference of potential 
which cannot be. exceeded. The list already given, Chapter 
I. § 9, showing the order in which some materials stand, so 
that each becomes positive when rubbed by any of the sub- 
stances placed after it, necessarily shows also the order in 
which materials must be classed, so that when one is touched 
or rubbed by another following it in the list, the potential of 
the former may become positive relatively to that of the 
latter. Moreover, a greater difference of potential is pro- 
duced by friction between substances far apart on the list 
than between substances close together on the list. It is 
possible that the law which will in the next paragraph be 
enunciated for conductors may also hold good for insu- 
lators. 

§ 21. When two dissimilar conductors touch one another, 
a difference of potential is produced between the conductors 
charging them, as mentioned Chapter I. § 19. The dif- 
ference of potential is constant with constant materials, i.e. 
copper and zinc at a given temperature touching one another 
are invariably at potentials differing by a constant measurable 
amount. The same may be said of any two metals. Moreover, 
all metallic conductors may be ranged in a list, such that any 
one of them in contact with any of the conductors later in the 
'ist mil have a potential positive TeVa^NeVj\.o \}nax cwt^jiMCtor. 
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^Ttforeover, calling these bodies a b c d, &c., tlie difference ^^ 
of potential between a and c is equal to the difference 
of potential between a and b added to the difference of I 

potential between B and C, or generally if these bodies were i 

all in contact one with anodier in the order A B c D . . , K, 
&c., and if we call a b c d . . . n, &c., the potentials of 
these bodies, a - « = (a - i) + (3 - ^) + (f - rf) 
+ (m ~ «). Thus if three 
lies be in contact, as in Fig. a 



le difference of potentialbetween 



; ends A and E may be calcu- ^ ' — ^ ' ^ 

lated from the two end metals 

only ; in the example given, it docs not matter what the 
difference of potentials between gold and copper alone 
would be, for call that a, and call the difference between 
gold and zinc c, and that between copper and zinc b, then 

(ff — *) + (j} — f) = (I — c, as if gold and zinc had been 

^HBrectly in contact. It may be stated quite generally that in 

^^Rty series of metallic conductors thus placed in contact, the 

^^Bfference of potentials between the ends depends on the 

^extreme conductors of the series. The following is a list of 

conductors, ranged in such an order that each becomes 

positive when touched by those which follow. Zinc, lead, 

tin, iron, antimony, bismuth, copper, silver, gold. The 

earlier metals on the list are called electroposilive to those 

which follow. The exact relative differences of potential 

have as yet been experimentally ascertained only in a few 

§ 22. It is believed that all compound solid bodies which 
arc conductors behave in the same way as simple metallic 
conductors so far as the production of a difference of poten- 
tial due to mere contact is concerned, and this is certainly 
the case in many instances. Liquid conductors also appear 
relatively to one another to form a series of the same kind. 
But compound liquids and solids do not admit of being 
arranged relativelj' to one another in the simple order 
described as appjj'cable to metals. 
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Tliis difference between the compound liquid and the 
l-^inip!e metallic conductor appears to be intimately con- 
I nected with the fact, that electricity in passing through these 
I compounds decomposes them, a phenomenon to be more 
especially described hereafter. The compounds which are 
I thus decomposed are called etectrolytes. The following 
I, scries of phenomena occur when metals and electrolytes are 
■placed in contact; — 

Fk. S3. Fig. ajA. 
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. When a single metal is placed in contact with ; 
electrolyte, a definite difference of potentials is prodtit 
between the liquid and the metal. For the same metal and 
liquid the difference is constant at the same temperature 
under all circumstances, but slight differences of condition 
in the metal and liquid often cause considerable changes in 
the difference of potential observed. 

When two metals not in contact are plunged into a 
liquid electrolyte, as in Fig. 23, each surface of separation 
produces its effect independently of the other, so that the 
difference of potentials between the metals will be the sum 
of the differences between each metal and the liquid, these 
differences being reckoned in one direction. Thus for 
copper, zinc, and zinc sulphate solution, let the following 
numbers denote in a certain unit (Volt.) the difference of 
potentials between the substances. The sign indicates that ■ 
the substance first named is positive or negative relatively to 
that last named. 
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Copper .... ziiic sulphate sol. , , 

Zinc sulphate sol zinc +0-358 

When as in Fig. 23 the two metals are simply immersed in 
ptbe solution we have for the series copper . . , zinc siilph. 
wA. . , . zinc, a difference of potentials— o'ii3 + o'358 
p + -245 the copper will be positive relatively to the zinc to 
3ie extent of o'245 unit. 

Next let a piece of the same copper plate be joined 
to the zinc so as to form the complete galvanic cell shown 
[ in Fig. 23A, and let the difference of potential due to the 
^^ftcontact zinc . . ■ copper be +075; then as before each 
^^Burface of separation produces its whole difference of 
^^Htotendals, and the difference between the iirst and last 
^^Kubstance of the series will be the algebraic sum of the 
^^Beparate differences each reckoned in the same direction. 
^^nhis total difference will therefore be — o-ii3 + o-358+o75 
^^Es=+o'995, the copper plunged in the solulioo will be 
' positive relatively to tlie copper attached to the zinc, and 
the difference between them will be nearly one unit. 

If a series of galvanic cells be joined (as in Fig. 13) the 
jdifference between the first copper plate and the copper 
prire attached to the last zinc will be equal to the sum of the 
ifierences produced at all the surfaces of separation, or in 
Jier words to the sum of the differences produced by each 
cell. Thus, 40 cells will give a. difference of potentials 
40 X 0-995 *"" 39'^ '" ^''^ '^"^'^ chosen. 

The distribution of potential in the cell complete and in- 
complete is shown in the diagrams beneath Figs. 23 and 23A, 
In some cases the differences of potentials between two 
metals and one electrolyte (Fig. 23) may when added cancel 
one another. The two raetals will then be at one potential. 
Volia believed this was always the case, and this theory was 
provisionally adopted in the earlier editions of this work in 
consequence of an experiment by Sir William Thomson, to 
be presently described, in which the cancelling actually does 
take place. The theory now given is ba.sed qu cx.^^sm\eM.^ 
bf Gerland, Messrs. Perry and Ayiton, md "5\Qlt 
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Clifton. Further developments of the theory will be found 
in Chap. XV. § 5. 

Place a metal disc b (Fig. 24) under a light suspended 
flat strip of metal or needle a, maintained at a high positive 
potential by connection with a highly charged Leyden 
jar D. When the disc is of uniform metal the needle a is 
not deflected to right or left by the presence of b. A charge 
accumulates on a and b when they are brought close, but 
the charges are symmetrically distributed relatively to a, so 
that A is simply attracted to b and does not tend to turn 
round on the axis or suspending wire e. But if the disc b 




Fig. 24. 



be made of two metals, such as zinc and copper, with their 
junction placed under the needle a, this needle no longer 
remains in equilibrium, but deflects towards the side on 
which the copper is placed, showing that now the charge on 
b is not symmetrically distributed, but that there is a greater 
induced charge on the copper than on the zinc This 
can only be due to the fact that there is a greater 
difference of potential between the needle and the copper 
than between the needle and the zinc \ in other words, there 
is a diff*erence of potential due to contact between the zinc 
and copper, the zinc being positive relatively to the copper. 
If the potential of a be negative instead of positive the 
deflection will be in the opposite direction. The two half 
discs may be separated from one another by a narrow open- 
ing as in Fig. 25. The needle will not deflect if the two 
halves are of the same metal. It 'will deftect to a definite 
amount I'f the discs are of different met3\4\\i\iX. m m^xsiJKvQ. 
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inectioQ by a wire, and the deflection d will, when 
positive, be as before from the zinc to the copper, if these 
are the metals employed for b and b,. In making this 
experiment care must be taken to ensure that the half discs 
are symmetrically placed on the two sides of a, otherwise 
deflecDous occur due to charges induced on the two sides 
of A even when B and B, are at one potential, If when the 
potential of a is reversed,being made alternately + and — to 
equai amounts, we obtain equal deflections in opposite direc- 
tions, we may be certain that this symmetry is attained. 



^ 




t two such half discs of copper be carefully adju; 
; when these are joined by metallic contact there 
tjuld be no deflection however high tJie potential of a may 
Then connect the side b with the copper pole of a gal- 
lic cell, and the side b, with the zinc pole {Fig. 25); the 
A will deflect towards the side b, which is in connec- 
a with the zinc pole, and the amount of the deflection will 
^respond to the same difference of potential as that 
idy observed as due to the simple contact of zinc and 
Remark that, whereas in Fig, 24 A was attracted to 
- half disc, it is in Fig, 2$ attracted to the half 
nnection with the ziru. We know from the first 
Rperiraent that the junction m has made the zinc in the 
n-ater positive and the copper above m with the half disc Bj 
negative. We find that the copper c and the half disc b arc 
e tojtist Che same extent as z must be, ati^. fe gt^gtt 
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conclude that the water has simply brought the copper 
and disc b to the potential of the zinc. The experiment S^ 
a delicate one, and does not prove that the difference of 
potentials between b and E] is exactly equal to tliat pro- 
duced by the simple metallic contict of zinc and copper ; 
there is a slight diiference due to the liquid, and diiferent 
liquids will certainly augment or decrease this small dif- 
ference. Another experiment, liitherto unpublished, still 
more strikingly illustrates tht- Voltaic theory. When die 
two half discs of copper and zinc (Fig. 24) are connected 
by a metallic wire it is impossible to find any position of 
A such that a reversal of its potential does not cause a de- 
flection, and if A is in a symmetrical position relatively to Uiose 
discs a reversal of the potential of a will always give equal 
deflections to right or left. Wlien this symmetrical position 
has been found, connect the zinc and copper by a drop of 
water instead of by the metallic wire. The needle A will 
remain undeflected in its central position whether its poten- 
tial be high or low, posirive or negative. The two half discs 
of different metals behave as if tliey were of one and the 
same metal in metallic connection. This experiment, which 
has been carefully made by Sir William Thomson, appears to 
, be absolutely conclusive. The surface of the metals should 
be polished and clean, for the experiment will not succeed 
if they are tarnished. Oxides on the surface of the melals 
introduce complex actions. 

The popular belief that the zinc and copper of a galvanic 
cell differ in potential by an amount corresponding to the 
whole electromotive force (vide § 23) of the cell, is then 
erroneous, but this erroneous conception has led to do errors 
. in practice becaiise the copper, brass, or other wires attached 
to the two metals in the cell really do difi"er in potential by 
the amount erroneously attributed to the Immersed plates. 

§ 23, The property of producing a difference of potential 

may be said to be due to a peculiar force, to which force 

the Dame of ekclromotive force is given. When we say 

^tncand water produce a defenvte Aftcteom.'a'o.tft b 
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re mean that by their contact a certain definite difference 
■of potentials is produced. A series of the galvanic batteries 
>f cells (Chapter I. § i6) produces a definite electrotnoiive 
re between the terminal metals plunged ii> the solution 
pluch depends, according to the law stated above, on the 
faccesMve difference of potential produced between each 
; material at their surfaces of separation. The 
ECtFomotive force of a cell or the difference of potentials 
eHreen the metal poles or electrodes, as they are often 
lUed, is constant so long as constant metals and a constant 
so7udon are used. The words electromotive jbree and diffe- 
'cuee of potential 3Se used frequently one for the other, but 
:hey are not strictly speaking identical. It must be remem- 
;>ered that electromotive force is not a mechanical force 
rtrnding to set a mass in motion, but a name given to the 
- r I pposed force which causes or tends to cause a transfer of 
..■ [fctricity. Wherever difference of potential is found there 
must therefore be an electromotive force j but we shall find 
(Chapter III. § 22) that there are cases in which electricity 
is set in motion, from one point to another, between which 
that difference of condition does not exist which we have 
defined as difference of potential. Electromotive force is 
therefore the more general term of the two, and includes 
difference of potential as one of its forms. 

§ 24. The electromotive force exerted between two dis- 
similar metals is altered by every change in their temperatures, 
but the connection between the change of temperatures and 
the change of electromotive force has not been thoroughly 
investigated. Two parts of one and the same body at 
different temperatures are probably always at different 
potentials. This has been verified only in certain cases, as 
in the crystals of tourmaline. 

§ 25. Electromotive force may also be produced by 
electricity in motion, and by magnetism in ways which we 
cannot even describe, until the simpler phenomena of 
electricity in motion and of mag^ietism liave been described. 
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but it may be said generally that all causes which have tb^ 
power of altering the distribution of electricity can produce 
electromotive force or difference of potential. Every source 
of electricity must as such be able to produce a difference of 
potential ; since no charge of electricity whatever can be 
made sensible without some difference of potentials between 
the charged body and the earth or neighbouring con- 
ductors. Friction between insulators is fomid to produce 
a great electromotive force, producing a large charge on 
even a small conductor, whereas the galvanic cell or the 
contact of conductors produces a very small electromotive 
force, giving a small charge only if the conductor be smalL 
On the other hand, when the conductor is large the gal- 
vanic cell will almost instantaneously charge the whole to the 
maximum potential it can produce, developing by chemical 
reaction an immense quantity of electricity ; whereas the 
quantity developed by friction from the contact of insulators 
is so small that if it be allowed to diffuse itself over a large 
conductor the potential of the conductor will be very little 
raised. For instance, if we connect a brass ball of a few 
inches diameter \vith tlie conductor of a frictional macliine, 
a few turns of the machine raise its potential so much that 
its mere approach to the knob of an electroscope will cause 
the gold leaves to diverge. If we touch the same ball with 
one electrode of a galvanic cell, the other being connected 
with earth, the brass ball will indeed receive a cliarge, but its 
quantity will be so small and its potential so low that instru- 
ments to detect it must be perhaps a thousand times more sen- 
sitive than any I have yet described. But if we connect the 
conductor of a very large condenser or Leyden jar with the 
galvanic cell, we shall communicate to it such a charge that 
although its potential would be insensible on the electro- 
scopes hitherto described, its quantity is such that it would 
sensibly heat a wire in its escape to earth, and would produce 
many other effects which could not be obtained without 
the greatest difficulty from the same Leyden jar charged by 
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I fficsional machine. A frictional machiiie diarges a small 

■ leyden jar witha much greater charge than could be obtained 

~ 'Jie same jar even from 1000 galvanic cells ranged in series 

Uljlli. 

1 \ 36. Difference of potential or electromotive force must 
! measured in terms of some unit adapted to measure 
»*orfc. Every unit of work must be represented by the 
operation of a force overcoming a resistance so as to move it 
'firough a distance ; or, what is the same, it may be repre- 
sented by the resistance overcome and moved through a dis- 
' Wee. In other ,word», the unit of force exerted through the 
^nit of space is the unit of work. The most common unit 
^'f work is the foot-pound, being the weight of a pound over- 
'^ome so as to be lifted through the distance of a foot, but 
*"e so-called absolute unit of work is that which leads to 
greatest simplicity in electrical calculations. This unit is the 
absolute unit of force (Chapter I. § 1 7) overcoming a resist- 
ance through the unit distance, say one centimetre. The 
••■bsolute unit of work (centimetre, gramme, second) is equal 
't> ilie foot-pound divided by 13,825^, where^is the velocity 
■LC(juired at the end of one second by a body falling in vacuo : 
'afc-ing this as 9S1 centimetres per second the absolute unit 
"f work is equal to the foot-pound divided by 13,561,325. 
^rie unit difference of potential or electromotive force in 
electrostatic measure exists betn-een two points when the 
'*'^il quantity of electricity in passing from one to the other 
^^^1 do the unit amount of work. 

The practical measurement of the difference of potentials 
'between two points can in certain cases be made by observing 
^he work done by definite quantities of electricity in passing 
iroca one point to the other; thus we may observe the totaJ 
■^tiount of heat generated in a wire by a given quantity of 
'electricity passing between two points kept at a constant 
ilifference of potentials. From the heat we may calculate 
■"^ »nrk, and from the heat and quantity we may calculate 
''" difference or potentials. [Similarly, it vfc vaa'tvei \.« 
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ascertain the difference of level between two points we niigh* 
let a weight (a standard quantity of matter) fall from one \0 
the other, measure the total heat generated by the concus- 
sion which brought the weiglit to rest, from the heat deduce 
the amount of work done, and from this work and the known 
quantity of matter, deduce the difference of level or of 
gravitation potential. Fortunately there are more direct 
methods available or engineers would have some difficulty in 
levelling.] 

Difference of electric potentials is more generally ascer- 
tained indirectly by a knowledge of the laws connecting 
potential with other electrical magnitudes. Thus we know thai 
the quantitj' of electricity with which two opposing surfaces 
of conductors are cliarged is simply proportional to the 
difference of potential between tliem, assuming the distance 
and dielectric to remain constant. Electrometers afford us 
the means of comparing such quantities as tliese, and there- 
fore electrometers {as shown in § 16) afford us the means 
of comparing differences of potential. The measurement 
of currents and of resistances to be described in the follow- 
ing chapters give other means of comparing differences of 
potential. 



CHAPTER III. 



§ 1. Electricity has already been frequently spoken of as re- 
distributing itself over a givenconductor, or moving from one 
conductor to another along a wire, and we may with propriety 

P speak of the current of electricity by which the redistribution 
is effected. Bodies along which electricity moves acquire, 
so long as the motion lasts, very singular properties, and in 
order to avoid cumbrous phraseology the properties which 
are actually observed as belonging to the bodies through 
which a current of electricity flows, a.te s^oV-ftvi of as the 
^^ attributes of the current of elecuiriw \\.sc\^. Sovofc cflfefe 
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iropeities of electric currents are most conveniently observed 
JDlong uniform conductors, such as wires, along which the 
Bfloff takes place in one sirnple direction. Currents in wires 
11 chiefly be spoken of in the first instance, althougli 
Fidentical properties are possessed by currents moving in any 
r through bodies of any form. The direction of a 
: is assumed as the direction from the place of high 
totential to the place of low potential; in other words, it is 
: direction in which positive electricity flows. Thus, 
o our earliest definition of positive and negative 
electricity, if one conductor a be electrified by contact 
with a stick of glass which has been nibbed with a resinous 
material, and another conductor b be electrified by contact 
with the resin used to rub the glass, then upon joining a 
and E, a cuirent of positive or vitreous electricity will flow 
from A to B until they are brought to the same potential. 
By using two large conductors A and B, or two Leyden jars 
of large capacity, and electrifying them with a frictional 
electrical machine of considerable size to a high potential, a 
considerable quantity of electricity may be accumulated on 
A and B, and a considerable current will flow from a to b, 
when they are joined. 

5 2. A current of electricity thus produced will be transient, 
and even while it lasts it will not remain con- 
stant, for during its continuance the difference "2 
of potentials producing it will continually 
diminish ; indeed, if the above were the only 
inner of producing an electric current, we 
light still be ignorant of its peculiar proper- 
When plates of zinc and copper not 
jfaehing one another are plunged in water 
rt the copper is then joined to the zinc by 
^wire outside the water, a current flows from the copper ii 
i zinc along the wire, and from the zinc to the copper* 
rough the water. According to the theory of the cell 
]£aed ia the last chapter, the zinc ■wWtv SX VQ^iAis^i. 
S copper became positive and the copper Tie^UNfti 'O^i 
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electricities being separated at the metallic junction, but 

e being no opposition to their recombtning througli the 
water, the current flows in the direction shown. The exis- 

e of the current is shown by the fact that if a and b 
be joined by a long copper wire, this wire acquires the same 
properties as if it joined two lai^e conductors charged with 
opposite kinds of electricity. These properties are described 
n § 6 and the rest of this chapter. 

§ 3. The transfer of electricity from a to b involves the 
performance of work or its equivalent, and to perform work 
implies a source of power, orin other language an expenditure 
if energy. The mere contact of two dissimilar substances 
cannot be a source of power. It is found that while the 
current flows the water is decomposed, and oxide of zinc 
formed. This chemical reaction is a true source of power ; 
the oxygen leaves the hydrogen of the water to join with 
the zinc, for which it has a greater affinity. The zinc is 
consumed in the process, as coal is consumed when it bums 
while combining with the oxygen of the air. The source 
of power is accurately described by sajing : the intrinsic 
energy of a given weight of zinc and water is greater than 
that of the hydrogen gas and oxide of zinc produced by the 
combination, the difference is equal to the work done by 

:urrent of electricity produced. The work done by the 
current is therefore proportional to the amount of zinc con- 
sumed. The electromotive force of the cell is constant, 
depending on the substances in contact; the performance of 
a given amount of work by the transfer of electricity from 
one point to another, between which there is a constant 
difference of potentials or electromotive force, requires the 
transfer of a definite amount of electricity, hence the quan- 
tity of electricity produced by the galvanic cell is propor- 
tional to the zinc consumed. The effect described as oc- 
curring in the simple form of the galvanic cell is produced 
whenever we join two solid conductors a and b plunged 

I compound. liquid, one element of which tends to 
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combine more strongly with a than with b, or with b than 

If we consider the liquid alone we find that positive elec- 
tricity is produced apparently at the surface of contact 
between the liquid and one conductor, and is taken away 
as fast as it is produced to neutralise the negative electricity 
Dtoduced apparently at the surface, where the other conductor 
uches the liquid. 

t § 4. A bitter war raged for a long time between the electri- 
ms who maintained that in this case the electricity was 

Ine to contact, and those who maintained that it was due 

& chemical action ; like many other disputes, it turns much 
1 the use of words,' Both contact between dissimilar 

[ubstances and chemical action are necessary to produce 
the eflfect ; the laws regulating the potential and those re- 
gulating the current are intimately connected with the 
nature of the substances in contact, and with the amount of 
chemical action. Perhaps it is strictly accurate to say tliat 
difference of potential is produced by contact, and that 
the current which is maintained by it is produced by chemi- 
cal action. As we shall see hereafter, the difference of 
potentials can be accurately determined from a considera 
tion of the chemical action, but then this chemical action 
depends probably on the very properties which cause a 
difference of potential to be produced by contact. In 
cases where no known chemical action occurs, as where 
copper and zinc touch one another, the difference of po- 
tential is. produced, and since this involves a redistribution 
of electricity, a small but definite consumption of energy 
must then occur; the source of this power cannot yet be 
said to be known. 

§ 5, The law described in Chapter 11. § a i, by giving a con- 
tact potential series, or electromotive series, for metals, shows 

' The opponents of contact electricity denied and felsely explained 
yr known to be true, and the original supporters of the conlsct 
•te i^orant of djaamica. 
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why we have no hope ever to obtain a permanenl current by 
any arrangement of raetals, each at one temperature. The 
dectrom olive force at the joint c (Fig. 27) is necessarily 
equal to that at joint d, and opposed 
''■ to it, i.e. tlie e. m. f. (as electromotive 

force may for brevity be written) at c 
tends to send the electricity round in 
the direction opposed to the hands of 
a watch, while the e, m. f. at d tends 
° to send electricity round in the opposite 

direction, and the two forces being equal, electricity moves 
neither way. 

When instead of bringing the zinc and copper into contact 
at D they are plunged into water, the e. m. f. at the junction 
remains as before; but owing apparently to the electrolysis 
or decomposition of the water, the electromotive forces 
manifested at the surfaces where the water touches the 
metals do not balance that due to the contact of the metals, 
and the current can therefore flow as described in g 2. The 
arrangement of potentials in the cell, in the plates, and in 
the wire joining the plates, cannot be explained until after 
Chapter IV. What chiefly concerns us is that galvanic cells 
can be arranged so as to produce a permanent current 
conveying considerable quantities of electricity ; the strength 
of the current is simply proportional to the quantity conveyed 
in a given time. 

§ 6. The properties of electric currents are very impor- 
tant Two parallel wires in which electric currents flow in 
the same direction, attract one another It is simpler to 
state this fact by saying that parallel currents in the same 
direction attract one another. Parallel currents in opposite 
directions repel one anotlier. 

When the wires conveying the currents are straight but not 
parallel, they attract one another if both currents flow to or 
from the apex of the acute angle which the wires make with 
one another. 
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The wires or currents repel one another if one currenl 
■ipptoaches and the otherrecedes from the apex of the angle. 

§ 1. ConsidetarectangleofwireEF GH(Fig.28)heId 
a straight wire a b, each having currents circulating in them. 
as shown by the arrows, and let the rectangle be capable i 
turning on a vertical axis X Xijit is found by experiment thi 
E c is attracted towards A ; F if, on the contrary, towards t 
both therefore tend to turn the rectangle in the same direction 
round its axis ; that portion of h g which is behind a b 
is attracted towards b, and repelled from a by § 6, On 
the contrary, the portion of H G which is in front of a b 
is repelled from b and attracted towards a ; all these forces 
act therefore in one direction, and tend to place e f c h in 



^^B plane parallel to a b. 7 



I plane parallel to a b. The forces in e f are acting 
opposite direction, but E f being farther from a b than the 
other portions of the current, the forces due to it are weaker 
and are overpowered. These attractions and repulsions are 
easily verified with a rectangle of copper wire made as in 
Fig. 39, and supported by two pivots a and b resting in two 
niercuiy aips, which are connected by thick wires with a 
Grove's cell. 

§ 8. If we conceive one rectangle a b C d {Fig, 30) inside 
another e f g h, all the actions described in the last will be 
strengthened, and the two rectangles will tend to place 
tiiemselves in parallel planes, and moreover in such a posi- 
tion that the current is going in the same (iiiect\otv\i\\iQ>iv 
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Fig. 3a 




rectangles. The truth of this proposition is evidently not 
limited to rectangular systems, and generally any two 

closed wire circuits in which cvurents are 
flowing tend to arrange themselves in 
this manner. When the two are in the 
same plane they may be so arranged, a^ 
for instance where they are concentric 
circles, that the one does not attract the 
other at all but merely directs it, as de- 
scribed above. If the one circuit were not 
in the same plane as the other they would 
attract one another even after they had placed themselves 
in parallel planes, and if forced to remain in such a position 
that the currents were flowing in opposite directions in the 
two circuits, they would repel one another. If the two 
circuits were in one plane, but not concentric, there might 
be a resultant force tending to cause relative movement in 
that plane, due to the greater proximity of the wires at 
certain parts. All these attractions and repulsions are 
wholly distinct from the attractions and repulsions between 
charges of electricity at rest They were discovered by 
Ampere. 

§ 9. All the actions of currents one upon another may 
obviously be multiplied by using, instead of a single wire, a 
coil of wires, through each winding or turn of which the same 
current is flowing. Thus, a circuit composed of twenty turns 
of wire on a reel would be acted upon with twenty times the 
force that a single turn would experience with the same current 
flowing through it ; and again, if the second circuit be also 
composed of twenty wires, each with a current equal to the 
original one, the forces in action will be again multiplied 
twentyfold. So that a circular coil a (Fig. 3 1) of twenty turns 
of wire hung up by a fibre inside a fixed coil B of twenty 
turns of wire, will experience a directing force 400 times 
greater for any given current circulating in both than would 
be experienced by a coil with a single tiun hung inside a 
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fc colv ose turn- T 
' > called a.'.trc 
e of electric turre 
(! several thousand turns may be huag 
"p mside a coU b, also consisting of a large 
number of turns, each turo being iusulatcii 
fiom its neighbours by silk, a and n are, 
fthen no current is passing, maintained in 
planes at right angles to one another by a 
small directing force, such as the torsion of 
a wire. When a current is passed through both, the inner " 
coil is turned in such a direction as to plac 
fo 8 than before, and with the cunents runnio 
direction. The instrument may be modifi 
'^lown current is passing through a, and the one to be 
^•''atnineri passed through b only. The direction of the 
unknown current is indicated by Uie direction in which a 
'"'TIS, and its magnitude or strength by the angle through™ 
which it is turned. 

§ 10. Other arrangements of a similar kind will suggest 
™^Oaselves to the reader. If the centre coil A, instead of 
resembling a ring, were a coil of small diameter as in Fig. 3a, 
forrtijng a cylinder of considerable length, 
^^ ananged that the cuirent flowed in the ''"' J"' 

^^'He direction round all parts of the cylin- 
'^^*", the deflection of the internal cylinder 1 
'"'^^uld he more immediately visible, and 
"•^ ends a and b might be considered as two poles, having 
^ tendency to place themselves at right angles to the [ilauc 
^'^ the directing coil. When such a cylinder as this is plaicd 
wholly inside another, having similar coils parallel to it, 
it will be in stable or unstable equilibrium, as the currcntM 
flow in the same or in opposite directions, 

If the pole a were introduced inside the coil b a, at 
shown in Fig. 33, the coil a would be sucked in by ibc action 
of one carrent on the other. If. on the other Wvi, ft\<s 
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cunents flowed in such a direction that the pole b were placed 
inside or near the similar pole u, as in Fig, 34, the inner coil 
would be expelled or repelled from b. These actions are 
apparent whatever be the diameter of the coils. Conceive 
next that two flat spiral coils (Fig. 35) are placed face to 
face : if the currents flow in the same direction, they will 
attract one another; if in opposite directions, they will repel 
one another. 

Any of these arrangements may be made use of to show 




the presence, direction, and magnitude of a cunent in a 
wire. By using a large number of turns of fine coppCT wire 
insulated with silk, and suspended so as to turn with very 
small frictionai or torsional resistance, it is easy to construct 
apparatus showing all the phenomena described in § 9 and 
§ 10. The long cylindrical coil described in this section is 
sometimes called a solenoid. 

5 11. Magnets are found to be influenced by electric 
currents almost exactly as solenoids are. In the presence 
of a current, they are directed so that if free to move. 
they stand across the current This fact was first observed 
by Oersted. The end of the magnet which points to the 
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south, when freely suspended, is similar to that pole of 

solenoid in which the current is moving in the direction 

of llie hands of a watch, holding the watch with its back 

lo ihe coil ; or, in other words, if the solenoid be like a 

right-handed corkscrew and the current enters at the point, 

the point will behave like the end of a magnet which points 

s outh. The solenoid and magnet have many properties in 

^Kotninon, The solenoid may be directed by a single rec- 

^^Bisear current, and so may the magnet; but just as the 

^Bfrective action on the solenoid is increased by wrapping 

^^fte ditectiog coil all round it, by bringing the coils into 

close proximity, and by increasing the magnitude of the 

current flowing through the directing coD, so the directing 

force or couple acting on a magnet is greatly increased 

*^y sending the current m the directing coil round it many 

times, by bringing that coil very close to the magnet, and by 

using a powerful current. This property of the magnet 

^ows us to construct instruments called galvanoscopes 

and galvanometers for tlie detection and measurement of 

Currents without using a double coil of insulated wire. In 

galvanoscopes a magnet hangs inside a directing coil, each 

*um of which is placed north and south. The magnet hangi 

wilh its poles north and south 

w long as no current passes "^' ^ 

through the coil, but when a 

current passes, it is deflected 

•nore or less towards one side 

'•'^ the other, until the couple 

due to the directing action of 

the current is balanced by the 

•couple due to the directing 

Wtion of the eartli. When 

the current in the directing 

coil (Fig. 36} flows from south 

lo north in the top of the coil, 

ihe end of the magnet which pointed south, and viVixtV ■*i'& 
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hereafter be called the south pole of the magnet, turns 
towards the east. 

The direction in which a magnet tends to turn across a 
current may also be described as follows. Imagine a man 
lying on the wire which conveys the current, in such a direc- 
tion that the current was from his feet towards his head, his 
face being turned towards the magnet ; then, under the in- 
fluence of the current, the pole of the magnet which, when 
free, turns to the south, will turn towards the right hand of 
the man. Or let a ciurent be flowing through a copper cork- 
screw, and let the magnet take up its natural position inside 
the coils of wire ; then if the corkscrew be turned the way of 
the current it will screw from south to north, through the 
compass needle considered as a cork. 

The following is a third description of the direction in 
which a current deflects a magnet. Imagine a watch strung on 

Fig. 3y. the wire conveying a 

current so that this 
current goes in at the 
back of the watch 
and comes out at the 
face through the cen- 
tral pivots ; then the 
south pole of the magnet is impelled by the current in the 
direction of the hands of the watch (Fig. 37). 

§ 12. Thegalvanoscope and galvanometer are instruments 
of such importance that they will be described at length in 
Chapter X. ; but since we shall have occasion in future con- 
tinually to speak of electric currents and their properties, it 
is desirable to state how a galvanometer may be easily con- 
structed capable of indicating the presence of a current and 
of comparing the relative strengths of various currents. Wind 
copper wire insulated with silk on a hollow brass cylindrical 
bobbin a (Fig. 38) with deep flanges bb,, which may have feet 
at c by which the bobbin is supported on wood or vulcanite. 
Inside A fit a small brass plug d, having at one end a hollow 
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rents are to be observed which are passing in 
gths of wire or other good conductors the space 
i flanges bBi may be filled with two or three dozen 
stout copper wire, say No. 16 or No. zo. The two 
his coil TT, may conveniently be connctAei to ^wo 
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s pieces (Fig, 39) well insulated by vulcanite and Iiaving 
"icrews by which other wires can be joined to the same ter- 
minals as they are called. The instrument is completed by a 
farafSn lamp l, placed behind a saeen having a slit m in 
it about 60 centimfelres in front of the coil and horizontal 
"'hite scale n about 45 centimetres long. 

When placed as in Fig. 39 the light from the lamp passes 
ihrough the slit in the screen, through the lens e on to the 
ramos f, by which it is reflected back on to the scale. 
An image of the flame is seen on the scale. When the 
light falls perpendicularly on the mirror this image appears 
on the scale immediately above the slit in the screen. If 
by the passage of a current through the coil the magnet is 
defleaed to the right or left, the image moves to the right 
or left along the scale, the angle formed by the reflected 
tavs being twice the angle through which the magnet and 
mirror are deflected, A very small angle produces a great 
displacement of the image. With the dimensions named 
the horizontal displacement of the image is nearly propor- 
tional to the strength of the current. If the scale be bent 
so as to form part of a cylindrical surface having the axis of 
suspension of the mirror as its central axis, the reflected 
spot of light is more dearly seen through the whole range. 
This instrument is Sir William Thomson's mirror galvano- 
Ipeter. With its assist.ince the presence, increase, or 
Screase of a current can be observed. It is convenient 
^ place a bar magnet S in the magnetic meiidian imme- 
iately above the coil ; by raising or lowering this magnet, 
e directive force of the earth may be increased or weak- 
If the south pole of s is placed to the south the 
[net may by trial be put at such a distance from the 
suspended mirror and magnet as almost exactly to counter- 
balance the effect of the earth's magnetism. The instru- 
ment will then be very sensitive, but the spot of light will never 
^n quite stationary. A second magnet t, placed pCTrJ 
^dicular to the magnetic meridian, may bs used Ui aAYu 
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the zero of the instrument, i.e. to bring back the spot of 
light to a fiducial mark at the centre of the scale when no 
current is passing. The direction of the magnetic meridian 
is that in which a free magnet naturally points. 

§ 13. A current not only acts on a piece of steel or 

iron which is already a magnet, but it converts any piece 

of non-magnetised steel or iron in its neighbourhood into 

Y^^ ^^ a magnet having its poles so 

situated that they lie in the 
N line along which a fi-ee magnet 
would place itself under the 
action of the current This 
magnetising action is more 
powerful as the iron is placed nearer the current, as the 
current is more powerful, and as a greater length of the 
current acts in the same sense on the iron. Thus, a piece 
of iron placed inside a helix or bobbin (Fig. 40) of many 
coils is strongly magnetised by the current and has its north 
and south poles placed as shown in Fig. 40. 

The magnetisation produced by the current is only tem- 
porary if the iron be soft or annealed, but a portion of the 
magnetisation produced in hard iron is retained long after 
the current has ceased to flow, and in a hard steel bar some 
portion of it is permanently retained. Work is done, and 
energy expended, in producing this magnetisation. 

§ 14. The current in the wire implies a transfer of elec- 
tricity under the action of electromotive force ; and by the 
very definition of electromotive force work in some form 
must be done during the transfer. 

When a current flows through a simple wire and does 
not magnetise iron or set any mass in motion, the energy 
expended in producing the current is wholly employed 
in heating the conducting wire, the heat developed in any 
part of the wire being precisely equivalent to the work 
which would be done in bringing the same quantity of 
electricity from the one end of the wire to the other on a 
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littte conductor agabst the statical repulsion described in § i, 
Chapter II. If any portion of the energy is employed in other 
ways, as described above, so much less heat is developed in 
ihe wire. The rise of temperature in the wire depends on the 
specific heat of the metal of which it is composed. 

5 15. When the current traverses a compound liquid 
conductor instead of a solid simple metal wire, the liquid is 
in many cases decomposed, one element or group of ele- 
ments moves to the spot at which the current enters the 
fluid, and the other to tlie spot at which the current leaves 
the fluid. Faraday called the metal surface at which the 
positive current entered the fluid the aiiodt, and the 
other surface the katlwde. The compound decomposed 
by the electricity is called an electrolyte, the process ol 
decomposition electrolysis and the products of electrolysis 
ions. Thus when two glass tubes (Fig. 41) c and d, filled 
with water, are inverted over a vessel of water, and the two 
platinum wires a b introduced into the vessel, tlien upon 
connecting a and B with a sufRci- y,s. 41. 

entiy powerful galvanic battery so 
that a current may pass from a lo b, 
the water is electrolysed ; oxygen is 
found in c and hydrogen in d, m 
the proportions forming water. 

Energy is expended in decom- 
posing any compound, just as 
energy is evolved in the combina- 
tion of elements which have a 
chemical affinity one for another. 
The energy expended in the de- 
composition of an electrolyte is not 
available to produce motion or heat 
in the circuit. 

§ 18. Currents traverse even very 
bad conductors, but the current is 
small, i.e. comparatively little electricity passes \Ti a. ^nctv 
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4 

time with a given e. m. f. Bad conductors are generally 
compound bodies. The resins, may be taken as examples. 
Feeble currents also traverse electrolytes without producing 
any sensible amount of electrolysis. It is certain that work 
of some kind is done by the current as it passes through 
these bodies ; but it is not yet known by what action the 
work is represented, that is to say, it is not known whether 
the bad conductor is heated, or decomposed, or whether 
some other form of work represents the energy expended. 

§ 17. If a current be allowed to set a magnet in motion, 
for instance, to expel one pole of a magnet previously intro- 
duced into a helix, the current experiences a real resistance, 
and its flow is checked by the effort. The mere presence 
of the magnet if it is at rest does not check the current; a 
certain statical force exists between the current and the 
magnet, but so long as no motion occurs in consequence of 
this force or against this force no work is done, and the 
current flows as if the magnet were not there. A rough 
analogy to this might be found in the following arrangement 
Let water be flowing through a pipe at one side of which 

there is a piston A (Fig. 42) held 
*°* ^^ in position by a spring at b. The 

water as it flows through the pipe 
will press on the piston a, and by 
means of a piston-rod may exert a 
force at b. When this force just 
balances the force of the spring, the 
water in flowing past the piston does no work by means of it 
or on it, and the current proceeds as if no piston were there ; 
but if the spring be then weakened or let go so as to be forced 
back by the piston, the lateral pressure of the water in 
forcing back the piston overcomes a resistance through 
a certain space and does work as the current of electricity 
does in moving the magnet. Moreover, the flow of water 
will be checked or diminished while the work of pushing 
back the spring is being done. When the spring has been 
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pushed back so far that its elastic force balances the pressure 
in the [lipe, the current in the main pipe will flow on as 
before, unaitected by the presence of the spring b. In 
like manner the electric current which was checked in its 
flow while deflecting the magnet flows on as before after the 
magnet has come to rest. The analogy is imperfect, inasmuch 
as the diminution of the water current is accompanied by a 
e of capacity for the water, whereas the diminution of 
; electric current is unaccompanied by any increase of 
>adty. The water is only diverted, whereas the elec- 
? really retarded. This diminution of the current 
pile it is doing work occurs not only when the work con- 
1 moving a magnet, but also when the work consists 
\. moving a wire or wires conveying currents, as in the 
;ctro-dynamometer, or in magnetising soft iron. 
t£ 19. If the piston a in Fig. 42 be forced back towards 
: pipe containing water, it will produce a current, the 
feet being reciprocal to that which was produced when the 
trent was diminished by forcing forward the piston ; work 
Idone by the piston as it is forced fonvard, and this work 
CJ^ended in producing an extra current of water, 
Similariy, if the magnet which has been deflected be 
cibly moved back, energy is required to force it back 
il the resistance due to the electrical repulsion of the 
ent, and diis energy performs work represented by an 
e in the current exactly corresponding to the diminu- 
On esperienced when the current was expending energy 
'" forcing back the magnet. The current is said to be 
induced in the wire by the motion of the magnet relatively 
'o the wire. The case is one of energy stored and restored, 
^^hen the current forced back the magnet the energy of the 
f^Tent was expended in such a manner as to be stored up 
'" the system. When the magnet retunis to its original 
F"^sition the energy is restored to the current The e.xam- 
P'^ already given of water in a pipe forcing back water 
*8a.inst a spring affords one instance of energy statei Mvi, 
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restored; another is afforded by the common pendulum. 
The energy of the pendulum exists alternately in a latent 
or potential form due to the attraction of gravitation, 
and as actual energy due to motion. As the bob rises 
the actual energy is gradually transformed into potential 
energy, being thus stored up. As the bob falls the 
potential energy is reconverted into actual energy, being 
thus restored. Just so, if a current deflects a magnet and 
causes it to swing backwards and forwards, the energy 
alternately exists in the form of electric repulsion and 
actual energy of motion; but there is this difference between 
electric and gravitation examples : the force of gravitation 
is neither increased nor diminished by the motion of the 
pendulum, whereas when the magnet swings in obedience 
to the impulse given by the current, the current diminishes, 
and when the magnet swings back against the impulse of 
the current, the current is increased. 

§ 19. Motion of the piston in Fig. 42 would produce a 
current in the pipe, whether one existed before or not; 
if the piston were drawn back from the pipe it would suck 
water in at the mouth, if moved forward it would drive 
water out ; quite similarly, the motion of a magnet in the 
neighbourhood of a conductor, the motion of a wire contain- 
ing an electric current, or the increase or decrease of 
magnetism in a magnet near a conductor, will each of them 
cause currents to flow in that conductor ; the direction of 
the current in the conductor or wire will be such thai it resists 
the motion of the magnet or of the current, or the change in the 
current, or the change of magnetisation. 

The following are examples of the application of this 
general principle, first enunciated by Lenz. Let there be 
a metallic ring a b (Fig. 43), a second ring c D, in which a 
current flows in the direction of the arrows, and a magnet 
N s ; then, while the relative position of c d, a b, and n s 
do not vary, and while the current in c d and the mag- 
netism in n s remain constant, neither increasing nor 
diminishing, no current wViatevet m\\ ^ow \xv ^^ tis^^ k b» 
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but any change in any one of these corditions will producS 
a current in A b; thus : 

I. If the ring c D moves 
nearer abb current will be 
induced in a b in the direc- 
tion of the inside arrows, and 
during this action the current | 
in c D will be diminished. , 

». If the ring c d be re- \\ 
moved farther from a b a ^ ^ 
current will be induced in a b 
iii the direction of the outside 
arrows, and during the indm 
diminished. 

3. If the pole N of the magnet n s be pushed into the 
ring or nearer to it, a current will be induced in a B in the 
direction of the inside arrow, and the motion is resisted. 

4. If the pole N of the magnet be withdrawn to the right 
hand, out of or away from the ring, a current will be induced 
in A B in the direction of the outside arrows, and the motion 
is resisted. 

5. If the magnetism of the magnet be increased, a current 
will be induced in a b in the direction of the inside arrows, 
pd the increase of magnetism is thereby resisted. 
I 6. If the magnetism of the magnet be diminished, a 

rrent will be induced in a b in the direction of the outside 
BOWS, and the diminution of magnetism is thereby resisted- 
/ instead of simple rings we have long thick coils of many 
jns, the effects will be much more sensible. The effects 
^induction between straight wires and magnets can with 
L be deduced from the general principle enimciated 
Induction is the name given to this phenomenon, 
■ch, however, has nothing in common with the induction 
in Chapter I. To distinguish between these phe- 
Inena, that described in Chapter I. must be designated 
trostatic induction, and the induction of o 
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magnetic induction. Electrostatic induction is called ' in- 
fluence ' in French and German. 

Owing to electro-magnetic induction magnets and wires 
conveying electric currents are not as free to move as other 
bodies. They may when at rest be in perfect equilibrium, and 
apparently free to move in all directions, but when we move 
them they induce currents in neighbouring conductors, and 
these currents are in such a direction as to produce a force 
opposing the motion of the first magnet or current It is, 
indeed, impossible to conceive that by moving they should 
produce a force helping their own proper motion as in 
that case perpetual motion, or rather a perpetually increasing 
source of energy, would be the result. 

§ 20. A current which commences in a given circuit may 
be likened, so far as its effects on a neighbouring conductor 
are concerned, to a permanent current brought suddenly 
from an infinite distance to the spot where it stands. We 
know that by bringing a current c d (Fig. 43) from a distance 
to a position alongside a wire forming part of a distinct 
circuit A B, we should cause the induction of a current in 
A B opposite in direction to that flowing in the parallel 
wire c D. The beginning of a current in c d has exactly the 
same effect and induces a current in the opposite direction 
in A B ; again, an increase of ciurent in c d acts in the same 
manner as bringing c d nearer to a b. It induces a current 
in the opposite direction to that in c d. These induced 
currents cease as soon as the inducing current c d ceases to 
increase, just as the induced current in a b would cease as 
soon as c d, while conveying a permanent current, ceased 
to approach a b. 

The diminution of a current in c d produces the same 
effect as removing c d from the neighbourhood of a b, Le. it 
induces a ciurent in a b in the same direction as that in c d. 
The total cessation of the current c d acts like the infinitely 
distant removal of c d with its current, and of course induces 
a current in a b in the same direction as that which flowed 
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ihtoi^h c D. We may therefore add to the examples give; 

in i 1 9 two more. 

]. If the current in c d ceases or is diminished, a current 

I will be induced in a b in the direction of the outside arrows, 

Mil the diminution of the current in c d is thereby delayed. 

S. If the current in c d commences ov is increased, a 

JfUtrent will be induced in a b, in the direction of the inside 

>W3, and the increase of the current in c d is thereby 

Kekyed. 

T I 81, Induction is the unfailing accompaniment of the be- 
r increase and termination or decrease of a current, 
r there are always conductors somewhere near in which the 
rents flow. The induced currents diminish for 
we time being the strength of the inducing current, and 
fhus we see that neighbouring bodies change the rate at which 
^ beginning or ceasing current comes to its permanent con- 
dition. If the whole or a large part of a circuit of small 
fesistance is very near the inducmg current, and so disposed 
that the induction tends to occur throughout in one direction, 
the induced current will be considerable, and its reaction on 
the inducing current will also be great, shortening the time 
't requires to reach the pennanent condition. If the circuit 
"1 which die induced current flows is, on the contrary, far 
removed from the inducing current, or only exposed to iti- 
''Uction for a small part of its length, or so placed that the 
(turret tends to flow in opposite directions at different parts 
'*' tile circuit, or has a great resistance, then the induced 
"-■"Trent will be small and its reaction on the inducing 
•^iTeiit will also be small. The inducing current produces 
^ electromotive force in the circuit conveying the induced 
'I'T-ent, and we may say that the induced current is due 
** ^e induced electromotive force. If the inducing current 
?■ '^ near a number of conductors b c d, the induced current 
r^ ^ tends to weaken that in c and d, inasmuch as a current 
^^Sinning in b would induce currents in c and d in the 
""Action of the origiml current A. Thus tlie 'Ya6.'ii:.'i&. 
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curreut in E is less than it would have been if c and d had 
not been there, and the inducing carrent in A is less 
checked than it would have been if c and d had not been 

An increasing or diminishing current not only induces an 
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E. M. F in neighbouring conductors but also exercises U 
ductive action on the current in which it Rows. Thi flj 

us consider a circuit coiled back as t& 
the annexed figure. An increasing current 
between a and b, flowing as shown by the 
arrow, tends to induce a current between 
C and D in the opposite direction. The 
E. M. F thus induced between c and D op- 
poses the original current, and delays its 
increase. If the current between a and b 
is diminishing, it tends to induce a current 
between c and d in the same direction as it is floiving, and 
the result is to delay the decrease. Thus the action in both . 
cases is to delay change. Even when the wire is straight a 
similar but much weaker effect occurs. A current flowiii 
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(Fig. 46) from a to b repels oneflowingfromctoo ; ifthi 
current increases in a b, it induces a current in front of itself 
in the direction in which it is flowing, and is checked in so 
doing. The effect is to diminish the abruptness of the 



. The conductor in which the current is induced 
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need Dot forni what is called a closed circuit, i.e. such i 
a condncior as is fonned by a ring of wire round which I 
the cunent can continue to flow permanently if a 
manent e. it. f. be kept up round it, as distinguished from a ' 
broken circuit, such as would be formed by a ring of wire 
incomplete at one or more points, where the presence of air 
or other non-conductors would stop any permanent current; 
but although the induced current will be very different in 
the two cases of a closed and open circuit it will be pro- 
duced in both. In the closed circuit we may have a current 
induced without difference of potentials between the parts. 
We cannot have difference of potential between two parts 
of a conductor without a current ensuing, but we may have 
a current due to e. m. f. without any difference of poten- 
tial. The analogy of water in a pipe will make this clear. 
If there be difference of level between two reservoirs in 
connection with one another, as in Fig. 47, the water wiU 
fiow from the higher level to the 
lower. But even if the two reser- "^ *'' 

voirs be at the same level, when 
a rope is rapidly drawn through 
the pipe from a to b, water will ""' 

by friction be dragged along the pipe, and water will flow from 
A to B, causing B to rise in level or gravitation potential. 
Here the current cannot be said to be due to a difference of 
potential, and the difference of potential which finally results 
from the action is opposed to diat which would have pro- 
;ed die current. 

Again, if Uie water be enclosed in a circular pipe (Fig. 48), 
and an internal wire a a o be caused to rotate inside this pipe 
about the axis of the ring, it will set all the water in the 
pipe in motion, without causing any difference of pressure 
between two parts of the pipe ; in this case there is no 
■difference of gravitation or pressure potential causing the 
ion, nor is any difference of potential necessarily caused 
the motion. The two cases of a closed atui tTOVsm. 
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circuit are analogous to this. In the closed circuit the 
current may continue indefinitely so long as the motion of 

the inducing magnet continues, but no 
'^' * ' difference of potential need be produced 

between any parts of the circuit In 
the broken circuit, on the contrary, the 
current is not produced by a diflference 
of potential between different parts, but 
the e; m. f. drives positive electricity to 
one end of the wire, and negative electri- 
city to the other, producing a difference of 
potentials which mil send back a reverse current so soon as 
the inducing action of the magnet is over; the first current 
may be exceedingly small, even in cases where if the circuit 
were closed the current would be great, for a small quantity 
will in bodies of small capacity be quite enough to produce 
a difference of potential balancing the inductive action of 
the magnet Just as in Fig. 47, if the reservoirs a and b 
are small, a very little water dragged from a to b by friction 
will establish such a difference of potentials as will stop all 
further current though the friction might be sufficient to 
cause a great current in the closed circuit (Fig. 48). As 
soon as the difference of potentials between a and b in the 
broken circuit is sufficient to cause a reverse current equal 
to that which the magnet moving as it does can induce, no 
further current will be induced in the broken circuit, pre- 
cisely as under similar circumstances the friction of the rod 
would cease to produce a current of water ; but no motion 
of the magnet or other inducing system can be so small as 
to fail to produce a continued current in the closed circuit, 
for no difference of potentials is necessarily created tending 
to reverse the action. 

§ 23. A complex case arises when the closed circuit is 
long and of sensible capacity while the inducing action takes 
place on one part only. This case is analogous to a long 
elastic pipe (as in Fig. 49), inside which a short rod is 
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3vin^ producing a current by friction; here there 
: aamnulation of water in front of the rod and a deficient ■ 
Bhind. There maybe, there- 
t^an increase of pressure in 
Ont of the rod and a defect 
tliind, tending to reverse the 
ineni produced by the fric- 
W of the rod. Just so with 

! electric current, there may be at parts of the long circuit 
Intnces of potential produced tending to reverse the 
ection of the induced current ; the potential being raised 
the parts into which the positive current is flowing, and 
pressed at those parts from which it is flowing. This 
piies unequal currents in different parts of the circuit, 
samples of this kind of action occur in submarine cables. 
' \ 24-. The strength of a constant current in any ciicuit is 
Hal in all parts of the circuit. In this case, although one 
t of the circuit may be a tbick wire and another part a 
a one, a third part an electrolyte, &c., the quantity of 
fectricity conveyed past each section is the same 
^nie time, i.e. the strength of the current is the s 
53cfi part Equal lengths of current, whether conveyed' 
'K a thick or thin wire, will produce precisely thi 
Effect in directing magnets and in producing magnetic 
This equal current in all parts of the circuit is independent 
Of [he capacity of each part, as it is independent of the dif- 
ference of materials. There are not two kinds or qualities ol 
^;uirent; a current has but the one quality of magnitude, 
taeaning that it conveys a certain definite quantity of electri- 
city past a given point in a given time, When the epithets 
great, strong, intense, are applied to currents they all mean 
the same thing, and mean that a large quantity of electricity 
is conveyed by them, The uniform current of electricity is 
analogous to the uniform current of water. If water be 
flowing from one reservoir to another through a succession 
of pipes of different diameters all full, the walet "«\\\ ^oti xiv' 
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a uniform current as defined above through all of them; thxt 
is to say, the same quantity of water per second passes 
through every pipe; the velocity of the water is diflfereat 
wherever the diameters of the pipes differ; but the curreat 
is constant in the sense that it is a current of so many 
gallons per second. When a good form of voltaic battery is 
used to produce the difference of potentials, and the current 
is allowed to flow through a metallic conductor, kept at rest 
at the same temperature and away from the neighbourhood 
of moving magnets or other moving currents, we obtain this 
simple uniform current in all parts of the circuit 

§ 25. It will be obvious that this simplicity must be 
widely departed from, when even this uniform ciurent is first 
started and when it ends, and that simplicity is still farther 
removed from the case in which currents are induced by 
moving magnets, &c ; these currents must vary at every 
moment in any one place, and differ at all parts of the circuit 
To take the simplest case first : when the poles of the galvanic 
cell z c are first joined at n and m to the wires a b c D 
electricity will rush from the cell into the wires ; this elec- 
Pj^ tricity has to charge each portion of 

the wires statically : the current begins 
close to the cell some time before 
it reaches the remoter portions of 
the wire; it flows at different rates 
through different sections of the wire, 
according to their size, capacity, and 
material ; it induces currents in all conductors in the neigh- 
bourhood, and is checked while doing so, and not until all 
this is over shall we have that permanent condition in which 
a constant current flows through all parts of the circuit 
The series of phenomena just described occurs whenever 
an electric signal is sent along a wire. The earth generally 
forms one part of the circuit used for this purpose, and the 
circuit is completed or closed by making contact at one 
place only, as at m, the wire at n being already joined to z; 
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f llie phenomena are not made at all simpler by these changes. 

f Tie speed of electricity is often spoken of, but what has 

I mm' been said shows that these words mthout qualification 

can have no meaning ; electricity starting from m does not 

I Teach A, B or c like a bullet, but in a gradually increasing 

f »ave, and the manner and rate of its arrival depend evi- 

•ienily on many circumstances, such as the si 

ol the wire, its distance from 

surrounding conductors, &c 

If the cell be connected with 

^"'■o long wires insulated at 

the further ends (as in Fig, 

5')i or if one pole be connected with the earth and the 

'^ther with a large insulated conductor or long wire, we 

-''lall have a series of precisely similar phenomena, except 

-i'at the final condition of equilibrium will be that in which 

■'" parts of the conductors being duly charged to the 

potentials which the cell produces, no further current will 

flow at aU. ] 

The laws according to which the varying induced currents ' 

low in different parts of the circuit are subject to the still 

f'trther complication, that the inducing system does not 

produce any constant difference of potential such as is pro- 

'inced by the cell, aod that even the current which it induces 

'i' any one part of the chcuit varies as the magnet or 

educing system varies in its position relatively to the 

■ircuit. 

§ 26. When two dissimilar metals (Fig. 27) are joined so 
■' to form a conducting circuit, and the junction c is at a 
'iferent temperature from the junction d, an electric current 
'^ found to flow through the circuit, a difference of poten- 
''^l or E. M. F. occuirjnc; at both junctions. In both cases, 
'aking iron and copper below 300° C. as an example, we 
■Hould have the tendency to send the current from the iron 
copper across the junction, but that tendency is 
the cold junction, and therefore the cvinewl to^fla 
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from the iron to the copper across the cold junction. The 
source of energy here is heat, which is absorl:)ed at the hot 
junction, and given out at the cold junction ; but less heat 
is given out at the cold than is absorbed at the hot junction 
by an amount equivalent to the work done by the electric 
current This current is often called a thermo-electric cur- 
rent, but it differs in no quality from other currents. The 
E. M. F. produced is small. 

§ 27. In conclusion, we have found that currents are 
produced by the friction of non-conductors, by chemical 
reactions, by heat; by the approach, commencement, or 
increase of a current in any neighbouring conductor ; by the 
removal, cessation, or diminution of any neighbouring -cur- 
rent ; by the motion of a neighbouring magnet relatively 
to a conductor and by the increase or decrease in the 
magnetism of this magnet. 

Lastly, any change in the distribution of the statical 
charge of electricity on the surface of bodies produces 
currents until the redistribution is completed and equili- 
brium is restored. We find no difference of kind between 
all tiiese currents ; they all have the same properties, but 
combined in very varying degrees. In studying the laws 
which connect currents with other electrical magnitudes, 
we find that we must distinguish the case of the constant 
current which is uniform in all parts of the circuit, and at 
rest relatively to all other conductors and magnets, fix>m that 
of the more complex varying currents, and of those which 
Move relatively to other currents, conductors, or magnets. 




CHAPTER IV. 

RESISTANCE, 

H Bodies have already been described as being bad oi 
l^Md conductors, and an imperfect conductor may be said' 
M dfipose the passage of fin electric current. AU knoivn 
unduaors oppose a sensible resistance to the pa 
(tent, by which we mean that if two bodies of any sensible 
icity and at different potentials be joined, the current 
Bdaced occupies a sensible time in passing between them, 
iatever material be employed to join the bodies, and how- 
Srit may be shaped.' The strength of the current, or, in 
a words, the quantity of electricity passing per second 
n one point to another, when a constant difference o£ 
s is maintained between them, depends on the re- 
liance of the wire or conductor joining tliose two points, 
bad conductor does not let the electricity pass so rapidly 
1 good conductor, or, in other words, a bad conductor 
ra more resistance than a good one. When no electro- 
pietic phenomena are produced, the current flowing 
W a point at potential a to a point at potential b depends 
jqjly on what is here called the resistance of the conductor 

B them. 
1 8- With a given conductor joining two points, it is found 
^eriment that upon doubling the difference of poti 
a the points, twice as strong a current flows as 
I in other words, with a constant resis 
is simply proportional to the e. m. r. or difference of 
etitials between the points. Again, it is found that keep- 
E the difference of potential constant, and keeping the 
and materia! of the conducting wire constant but 
; its length, we halve the current which flows, andl 

JTheself-mduclion of acurrent would cause a delay ii 
points even if the conduclor had no resiata 
J resistance is eosilj-jeparaleci from that due to sey-miuOi 
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generally that if the £. m. f. and section and material of the 
wire be kept constant, the current will be inversely pro- 
portional to the lengtA of the conductor. Again, keeping 
the E. M. F.y length, and material all constant the current is 
halved by halving the area of the cross section of the wire. 
Consequently, if we define resistance as proportional to the 
length of the wire of constant sectTon, and as inversely pro^ 
portional to the cross section where that varies, we shall be 
justified in saying that with a given difference of potentials 
or E. M. F. between two points, the current which flows will 
be inversely proportional to the resistance separating these 
points ; and, again, that with a constant resistance separating 
two points, the current flowing will be simply proportional 
to the E. M. r. or difference of potential between the points. 
If, then, we call c the current, i the electromotive force^ 
and R the resistance of the conductor, we find that c is 

proportional to the quotient — , and is affected by no other 

JK 

circumstance, hence we have 

c = i-, or R = -, on = c R. 
R c 

This equation expresses Ohm's law, which may be stated 
thus : — 

When a current is prodttced in a conductor by an k m. f. tlu 
ratio of the e. m. f. to the current is independent of the stretch 
of the curreftty and is called the resistance of the conductor. 

This definition of resistance would not be justified if 
we did not always obtain one and the same value for R 
m any one conductor, whatever electromotive force may be 
employed to force a current through it The electrical 
resistance of a conductor is not analogous to mechanical 
resistance, such as the friction which water experiences in 
passing through a pipe, for this fiictional resistance is not 
constant when different quantities of water are being forced 
through the pipe, whereas the magnitude called electrical 
resistance is quite constant whatever quantity of electricity 
deforced through the conducloi. IVa^ia.cX.lsajciato much 
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J simplicity in the calculations of the distribution of 
ts than in calculations of the flow of water. 
? accuracy of Ohm's law is most easily illustrated with 
^vanometer having a short coil of thick wire. Take a 
's cell and make a circuit through the galvanometer, 
ich a length of fine wire as gives a convenient deUec- 
(^ it will be found that the deflection is nearly inversely 
roortional to the length of the fine wire ; when this length 
oubled, the deflection is halved. This would be strictly 
F if the deflections of the galvanometer were proportional 
pthe current, and if the resistance of the galvanometer and 
If llie cell were nil. Taking these resistances into account, 
EiWith any cell or battery of constant e. m. f. and with 
ff gaivaiiometer, we shall find the deflections inversely 
JJortional to the total resistances of the circuit 
E 3, Resistance in a wire of constant sedion and material 
Kfetily proportional to the lerigth at.d inversely propor/ionat ' 
ht area of i/ie cross section. The form of the cross section 
■ matter of indifference, showing that the resistance is 
10 way affected by the extent of surface of the conducting ' 
)r rod, and that although electricity at rest is found only 
pthe surface, electricity when flowing as a current is pro- 
[ated along all parts of the conductor alike. 

isily explained manner of comparing two resist- 
M is by means of the differential galvanometer. Let the 
P of a galvanometer be formed of two insulated wires wound 
pdeby side, so that each makes the same number of turns, 
n if equal currents be sent round the two coils in oppo- 
fcdrectioos there mil be no deflection; if the two currents 
plot equal, the stronger will produce a deflection. 
'I G represent the two coils in the annexed diagram, and 
'•^t R, R be two resistances which are to be compared ; join- 
"le two galvanometer coils at b and the two resistances at 
<^^anecting Ri witii c, and r with g, as shown; complete 
'''s circuit by connecting b with a, through a battery c 
t^ne portioD of the current will pass through G ^, 'ft^e QSIftet 
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portion through Gj Rj. The magnitude of tlie current through 
both these conductors depends on their resistance and on the 

difference of potential between a and 
iTiusa. B which is the same in both cases. 

Hence the current through g and r will 
be equal to the current through Gi and 
^^ Rj if the resistances of the two branches 
are equal It is easy to make the resist- 
ance of Gj equal to the resistance of (^ 
by adding a little piece of wire to the 
coil which has the smallest resistance if 
there be any difference between them. 
If therefore we find no deflection 
caused by completing the circuit as 
above we may conclude that R = R|. 
If Ri be the greater, less current wiD 
pass through Gi than through g and a 
deflection in one durection will follow ; 
a deflection in the opposite direction 
would be produced if Ri were the smaller. It is easy by suc- 
cessive trials to find the relative lengths of two wires r and Ri 
which balance one another when different materials or differ- 
ent forms are used. By this instrument the law stated at the 
beginning of the paragraph is easily proved. 

§ 4. Since the resistance of a wire of any given material is 
inversely proportional to the cross section of the wire, it 
will also be inversely proportional to the weight per 
unit of length ; or, in other words, the resistance of a uniform 
wire of any material is inversely proportional to the weight 
per foot of the wire, i.e. a wire weighing twenty grains per 
foot has half the resistance of a wire weighing ten grains per 
foot. Inasmuch as all bodies have not the same specific 
gravity, the relative resistance of different materials will 
be different, according as we refer them to similar cross 
sections and lengths, or to similar weights and lengths. 
When tTe3Ltir\g of the measurement of resistance, a Table 
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ill be given in which the relative resistances of vnrious 
iiaterials are given, referred to both 
may be sufficient to slate that pure copper or pure silver 
have smaller resistances than any other known material; 
lha.t alloys have a larger resistance than metals ; electro- 
lytes a considerably greater resistance than most alloys ; 
ihat some liquids, such as oil, have so great a resistance 
IS to become insulators, but that all known insulators, 
txcept gases, do permit the passage of electricity in a way 
differing rather in degree than in kind from the way in 
which metals permit the passage of electricity. Thus bad 
conductors or insulators ivill hereafter be frequently spoken 
of as bodies of great resistance. The difference in this 
respect between an insulator and a good conductor is enor- 
mous. Taking the resistance of silver at o° C. as the unit, 
,1 wire of equal length and diameter of German silver would 
liave a resistance of la'Sa, and a rod of guttapercha of equal 
^ulk and length about 850,000,000,000,000,000,000, or 
S'5 X 10*"; nevertheless, Ohm's law apphes to the resist- 
•ince of each material. 

S 5. The resistance of all materials alters with a change of 
'eniperature. With the metals and good conductors, the 
■"^"Stance becomes greater with a rise of temperature ; ivitli 
^'•^ctroljies and bad conductors it diminishes. There is thus 
'«s difference between the resistances of these dissimOar 
'J°d(es at high temperatures than at low. Inasmuch as the 
f'^sage of a current through a wire heats it, the passage of a 
tiitrent tends continually to increase the resistance which it 
'"Sets with. This can easily be seen n-ith a differential gal- 
''^i» Quieter. After carefully balancing r and K), Fig. 52, alter 
'"^ circuit so as to pass the current for some minutes through 
i^tidGionly, On reconnecting r and G a deflection will be 
obseived, and R will have to be increased to balance R|, 
""til i],e wires have been left to resume their former tempera- 
'ure. Wires of graduated length and section, insulated by 
"'^ AViAwoand on bobbins are employed to leptesentewVixTv 
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definite resistances, and these bobbins of insulated wire are 
called resistance coils. It is essential that they should be 
made of a material, such as German silver, the resistance of 
which varies little with a change of temperature, and that in 
carefiil experiments the temperature of the resistance coil 
should be noted and allowed for. 

§ 6. A knowledge of the resistance of a conductor is 
essential to determine how much electricity will flow between 
two points in a given time when joined by that conductor; 
in other words, to determine the strength of a current which 
will under any given circumstances be produced] how 
much the current will be modified by a change in any given 
conductor; how a current will be subdivided and affected by 
having two or more paths open to it between the same 
points ; to determine the effect of galvanic cells of different 
sizes and materials, since each kind of galvanic cell has an 
internal resistance depending on the size of the plates, on 
the distance between them, and on the solutions employed; 
to allow a comparison between the qualities of insulators ; 
and to enable us to augment, diminish, and in all wa)rs regu- 
late any current at will. 

§ 7. The resistance of the materials of which any gal- 
vanic cell is made limits the current which it can produce. 
When the two metals are joined by the shortest and thickest 
wire practicable, the resistance of the circuit is practically 
the internal resistance of the battery, and in most forms this 
is very considerable. In a sawdust Daniell it is often more 
than the resistance of a mile of No. 8 iron wire, the size 
usually employed for land lines of telegraph : a quarter of 
a mile of such wire is a small resistance for a Daniell's cell 
The resistance of the Grove cell is much smaller. The 
resistance of a battery decreases as the size of the plates is 
increased, because this is equivalent to increasing the area 
of the cross section of the liquids, the resistance of which is 
from I to 2o million times as great as that of metals of the 
same size. 
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Take two cells of any battery, join them as in Fig. 53, 

^ copper being connected to the copper and the zinc fo 

'^ iinc Cells thus joined are said to be joined in multiple 

The two cells are exactly equivalent to a single cell of 

double the size. The e. m. f. produced is that of one cell ; 

•fie resistance is half that of one cell. Complete a circuit by 

"iserting a galvanometer with a short thick coil between c 

^d z ; the deflection obtained will be nearly double that 

"iuch the one cell gives through the same galvanometer, 

"fcause halving the resistance of the cell very nearly halves 

"■e resistance of the whole circuit. Next, make a circuit 
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f *ll one of the two cells and a galvanometer with a com- 

atively long coU of fine wire, reducing the current so as 

have a convenient deflecrion by adding a resistance r if 

Add the second cell in multiple arc ; no visible 

;e will be produced in the deflection, because the ri 

^^ceofthe circuit is now chiefly made up of that of the gal- 

'^^oineter and resistance R. Diminishing the resistance of I 

^^^^ battery hardly alters the whole resistance and does r 

^Hpnsibly alter the current Tiiirdly, join die two cells in t 

^^P*niier described in Chapter I. § 19, the zinc being joined ti 

^^P*e copper as in Fig. 13 or Fig. 54. This manner of joining i.^ 

'"^Scribed by the words ' in series.' Now complete the c; 

*"t ihefiac wire galvanometer a.nd R, as in xhe secQTii e.T.w 
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ment. The deflection will be nearly doubled. The resistance 
has been slightly increased by adding the second cell in series, 
but the resistance of the batteries is only an insignificant por- 
tion of the whole ; while therefore the resistance of the circuit 
has hardly been changed, the e. m. f. has been doubled by 
doubling the number of metallic junctions, and twice the 
E. M. F. with a constant resistance gives twice the current and 
twice the deflection. Fourthly, return to the thick wire gal- 
vanometer, complete the circuit through it with the two cells 
in series ; the deflection will be almost exactiy the same as 
when one cell only is used, and only half that obtained when 
the two cells are joined in multiple arc. When the two cells 
were joined in series the e. m. f. was doubled, but the resist- 
ance of the whole circuit was also nearly doubled and there- 
fore the current remained nearly the same as before. Thus 
we see that with a short circuit of small external resistance 
we can increase the current by increasing the size of cells, or, 
what is equivalent to this, by joining several cells in multiple 
arc. We can also increase the current by employing liquids 
of smaller specific resistance, but we cannot increase the 
current by adding cells in series. With a long circuit of 
great external resistance large cells, or many of them joined 
in multiple arc, will fail to give us strong currents, but we 
may increase the current by joining the same cells in series. 

When the resistance of the battery is neither excessively 
large nor excessively small in comparison with that of the 
rest of the circuit the current will be increased both by 
adding cells in series and by increasing their size or adding 
them in multiple arc. By the former process we increase 
the E. M. F. more than we increase the resistance. By the 
latter process we sensibly diminish the resistance of the 
circuit, leaving the e. m. f. unaltered. 

Cells joined in series are sometimes described as joined 
for intensity, and cells joined in multiple arc as joined for 
quantity. These terms are remnants of an erroneous 
theory. 
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§ 8. The resistance of the galvanon eter e plowed to 
indicate a current in a circuit is a very malenal element n 
the circuit. A powerful current may be flo ng from a 
large cell through a circuit of small resistance. If e nt o- 
duce a galvanometer having a long coil of thin wire, we 
may by that very act diminish the current a thousand-fold. 
For circuits of small resistance galvanometers of small re- 
sistance must be used. For circuits of large resistance 
galvanometers of large resistance must also be used ; not 
that tlieir resistance is any advantage, but because we 
cannot have a galvanometer adapted to indicate very small 
currents without having a very laige number of turns in the 
coil, and this involves necessarily a large resistance. 

§ 9. There are several forms of apparent resistance which 
are not resistances. 

When a ciurent passes to oi from a metal to a liquid 
electrolyte, a great apparent resistance occurs, i.e. the 
current is diminished by the change of medium much more 
than by a considerable length of either material. This 
resistance is sometimes said to be due to the polarisation 
of tlie metals dipped into the solution. This word polarisa- 
tion is sometimes very vaguely employed, but apparently here 
it means that the plates become coated with the products of 
the decomposition of die electrolyte, and that this coating 
produces a diminution of current. This diminution, which of 
course affects the current throughout its entire length, does 
not, however, appear to be due to anything analogous to 
resistance. The effect in question is due to something in 
the nature of a reciprocating force by which energy is 
stored up, i.e. when the original current ceases, a current in 
the opposite direction is set up at these surfaces of passage 
from liquid to solid by a kind of rebound. It appears, there- 
fore, that the current has been diminished by the creation of 
an opposing electromotive force due to the arrangement of 
the elements into which the electrolyte itself has been 
decomposed. The term resistance is, however, continually 
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applied to this cause of the diminution of a current even by 
those who are convinced that the diminution is not due to a 
true resistance. This false resistance or polarisation is eabily 
observed. Make a circuit of a galvanometer, a copper wire, 
two Daniell's cells, and a couple of plates of one metal sepa- 
rated by water or any electrolyte. The deflection of the 
galvanometer during the first few minutes will be found to 
decrease rapidly ; then if the cell be removed and the circuit 
closed, the two metal plates will send a current deflecting 
the galvanometer in the opposite direction ; this current is 
strongest at first, and gradually ceases altogether. 

§ 10. When a current begins to flow across a solid in* 
sulator, such as gutta percha, a very similar phenomenon 
occurs ; the current gra'dually and rapidly diminishes, as if 
the resistance of the gutta percha increased under the 
influence of the current This apparent extra resistance 
is, however, no true resistance ; when the original current 
ceases, the gutta percha sends back a gradually decreasing 
current in the opposite direction, and this current is of 
such magnitude and lasts for such a time as precisely to 
send back all the electricity which had, at first, apparently 
flowed through the gutta percha in excess of the quantity 
which would have passed in the same time through a con- 
stant resistance equal to the final resistance. The final 
resistance of the gutta percha is looked upon by some elec- 
tricians as its true resistance, inasmuch as it is the only part 
of the apparent resistance which follows Ohm's law ; the 
greater flow of current in the first instance is, according to 
this view, due not to a diminished resistance, but to an appa- 
rent absorption of electricity, as if by a number of condensers. 
Other electricians look upon this property of the solid 
insulator or electrolyte as quite analogous to the polarising 
property of the liquid electrolyte, and consider that the 
resistance of the material, as shown by the first current, is the 
true resistance and the subsequent diminution of current is 
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:o an opposing electro mo tii'e force. The forraer view 
appears lo the writer to be the more tenable. 

"niis phenomenon is most easily obsen-ed with the aid of 
* Considerable length of ivire insulated with india-rabber or 
PfU percha. Take, say, a mile of such insulated copper wire 
*s 13 used for submarine telegraph cables ; place it in a tub of 
"ster ; insulate one end n of the wire and connect the other 
^ through a galvanometer r. with one pole of a galvanic 
"ttoy c z of say 50 
"'Is. Connect the 
t «her pole of the 
vith the wa- , 
P by a copper plate, 
iji Tig 55 The 
Flvanometer must 

fe a coil nith some thousands of turns of fine wire 
1 the connernons mu^t be carefully msulated When 
the other arrangements ha^e been completed the cu- 
"^it may be completed bv jommg the wires at m , this 
"*ll be followed by a violent throw of the galvanometer 
"^erdle, due to the rapid rush of the electncity to charge the 
*"**■& When the needle comes to rest a steady deflection in 
~^^ same direction will bt; observed, due toa current flowing 
*^in c through c and across the gutta percha sheath to the 
'^^terand thus toz. This deflection will gradually diminish, 
'i**-ti! after an hour it may be two-thirds or half the original 
^Section. Call tliis final deflection x and the deflections 

1^* each minute after the wires at m were joined 
I X + d,, X + i7i, x+flj . . . x+fleo- 

Now remove the cell C z and substitute for it a metallic con- 
■clion, as shown by the dotted line. This may be done by 
^ins of prearranged stops or keys so as not to disturb the 
*^ sulation of any part. Then the charge in the ivire will 
^-*sll out through G, causing a violent throw in the opposite 
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direction to that produced by the charge and equal in amount 
After this discharge has taken place a steady deflection will 
be observed in the same direction as that due to the discharge, 
and this deflection at the end of each successive minute will 
be equal to a^a^a^, . . a^^. It is assumed that a reflect- 
ing galvanometer is used, in which the deflections are pro- 
portional to the currents. The violence of the charge and 
discharge is such that in delicate experiments they are not 
allowed to flow through the galvanometer, but are,conducted 
across between the terminals by what is termed a short 
circuit, being a connection of small resistance temporarily 
inserted. 

§ 11. Electricity is not only conducted from one body to 
another, by flowing as a current along a conductor ; it may 
also be conveyed or carried in a solid conductor, through 
such an insulator as air, from one place to another. When 
two conductors charged to very different potentials are 
brought close together, the attraction of the electricity is 
such that it tears off the metal or material in fine powder, 
and this powder springs across the intervening space, 
carrying with it a charge of electricity. The air or gas 
itself is also electrified by contact with the conductor, 
and helps to convey the electricity. I^ight and heat are 
evolved in the process apparently much as light and heat 
are evolved when sparks are struck from steel. Electric 
sparks thus produced are said to overcome the resistance of 
the air, but this resistance has nothing in common with the 
resistance which is the subject of Ohm's law. The laws 
according to which sparks pass, and brushes, as they are 
called, form on points electrically charged, must be sepa- 
rately studied. The brush discharges, whether luminous or 
otherwise, are due to the accumulation of electricity in 
large quantities at points. The electricity has such a re- 
pulsion for itself, that if it accumulates sufficiently, the force 
becomes great enough to break down the pressure of the 
air, and highly electrified particles of the conductor and of 
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air fly off the point Every electrical spark seen is an iUai 
tration of this coDvectioo. lightning is one exaiuplcH 
another is the luminous brush which in the dark may I 
observed discharging the conductors of an electtical £ 
tionaJ macliine. The air or gas heated by the spark [ 
bably conducts some electricity, so that only part of i 
electricity passing in the spark or brush is transferred I 
convection. 

§ 12. Rarefied gases are found to be tolerably ( 
conductors. The laws of their resistance to the passage 
electricity have only lately been investigated, and a 
partially understood. It is uncertain how far their resistance 
can properly be said to follow Ohm's law. According to 
(ccenl experiments by Mr. Varley, conduction in rare&ed 
gases does follow Ohm's law, but there is a very large 
resistance at the surface of contact between the attenuated 
gas and the metal conductor. This resistance is con- 
stant and prevents any carretit from passing until the e. M. f. 
employed exceeds a certain definite magnitude, which is con- 
stant for each material and degree of rarefaction. This is 
very analogous to what takes place in eleetrolytes, except that 
through these some ciurent apparently always passes whatever 
E. M. F. be employed, although no complete decomposition oc- 
curs until a certain definite e. m. f., constant for each electro- 
lyte, has been reached Experiments showing the action of a 
partial vacuum can be made with Geissler's tubes, which can 
be bought at any respectable optician's. These glass tubes 
contain highly rarefied gases, and elecUodes leading through 
the glass are employed as part of the circuit. If a galvano- 
melcf and an electric battery form part of the circuit no 
current ivill be observed until perhaps two hundred cells are 
employed. Tlien the current passes with brilliant optical 
effects in the tube and tlie galvanometer is deflected. Induc- 
tion apparatus producing high electromotive force, such as 
the well-known Ruhrakorff's coil, may be employed instead 
of the galvanic battery. 
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CHAPTER V. 

ELECTRO-STATIC MEASUREMENT. 

§ 1. Our knowledge of electricity and magnetism is derived 
from observation of certain forces, and the comparison of 
currents, quantities, potentials, and resistances are all effected 
by a comparison of forces acting under various circum- 
stances. The measurement of forces requires fixed stand- 
ards of length, mass, and time, which will also serve as 
fundamental standards for all electrical measiurements. The 

centimetre . . . gramme . . . second 

are the three units of length, mass, and time which will be 
adopted in the present treatise. 

As stated in Chapter I. § 17, the unit of Force adopted 
by us is the force which will produce a velocity of one centi- 
metre per second in a free mass of one gramme by acting 
on it for one second. 

This unit of force = *ooioi9i5 x weight of a gramme 
at Paris. The weight of the gramme itself wherever we 
happen to be is the more common unit of force, but we shall 
find the so-called absolute unit more convenient in calcula- 
tions, and any result can be readily reconverted into the 
more familiar measure by multiplying it into the above 
coefficient, or dividing it by the number 980*868. 

The unit of work is the work performed by the unit force 
moving over a distance of one centimetre ; it is equal to 
•00101915 centimetre grammes; in other words, to lift 
the weight of one gramme through one centimetre at Paris 
requires an expenditure of work equal to 980*868 of the units 
of work. 

§ 2. In what is termed electro-static measure the unit 
quantity of electricity is that which exerts the unit force on 
SL quantity equal to itself at a distance of one centimetre 
across air. 
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' The unit difTercnce of potentiaJ or unit ekctromot 
force exists between two points when the unit of work 
spent by a. unit of electricity in moving from 
other against the electric repulsion, described in Chapter 

The resistance of a conductor between two points is 
unit if it allows only one unit of electricity per second 
pass from one to the other when the unit of electromoOi 
force is maintained between them. 

The system of electrical units as defined in this paragraph 
is called the electro-static absolute system, based on the cen- 
tinifetre, gramme, and second. No special names have yet 
been given to these units. They are the most convenient for 
use when dealing with the phenomena described in Chapter I. 
The equations expressing these definitions are given below 

§3. It is found by experiment that the force / with 
which, at a given distance d, two small electrified bodies 
repel or attract one another, is proportional to the product 
of the charges, q and q^, upon them ; and further, that when 
the distance varies this force / is inversely proportional to 
the square of the distance d between them; it follows, froi 
tiie definition adopted of force and quanti^, that 

/=^ (■) 

Irom which equarion, if we observe the force, and make q 
either equal to c, or to bear any known relation to it, we can 
determine the quantity q in absolute measure; or vice versS, 
knowing q and q^, we can determine what force they will 
exert at a given distance, as, for instance, in moving the 
index of an electrometer. The application of this equa- 
tion is limited to small electrified bodies. In any body of 
sensible size the mutual induction between the two electri- 
fied bodies would disturb the distribution of electricity over 
the surface, and change that distribution at every distance. 

§ 4. The quantity of electricity with which a given con- 
ductor in a given place can be charged depends simply on 
the difference o/potential between il and na^\y:racv(^^ cnsie 
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ductors, and if these neighbouring conductors are uninsu- 
lated we may say that the charge will be simply proportional 
to the potential of the body chaiged; we may therefore 
speak of the capacity j of a given conductor for electricity, 
meaning thereby the constant quotient of the quantity or^ 
the conductor divided by its potential; or calling the quantity 
^, as before, and the potential /, we have 

q^si (2) 

The capacity of a sphere at a distance from all conducto: 
is equal to its radius; that is to say, a sphere one m^tre 
diameter will, when charged to the potential 6, contain 
6 X 50, or 300 units of electricity. 

The capacity s^ of a sphere of radius x^ suspended in th.e 
centre of a hollow uninsulated sphere, radius y^ is 

^. = r^ (3) 

y " X 

The dielectric separating the two spheres is supposed to be 
air. The capacity of the internal conductor would change 
if any other dielectric were used. The capacity of a metal 
conductor is independent of the metal employed. The 
phenomenon is more complex when either solid or liquid 
electrolytes or insulators are used as the bodies to be charged. 
Equation (3) shows that when the distance between the 
two opposed conductors is diminished, so that^ — x becomes 
small, tlie capacity of the system is very much increased. 
This is equally obvious from the formula for the capacity d 
- a large flat plate one side of which is near a similar un- 
insulated flat plate, and separated from it by air, while the 
other side is far removed from all conductors ; in such a 
case, let df denote the distance between the metallic surfaces 
and let s be the Q2:^2XA\.y per unit of area ^ then 

4 "K a 

(ir here and elsewhere always means the ratio of the circumference 
to the diameter of a circle = 3 '1416. The suiface of a sphere of 
radius unity is equal to 4'ir. ) 
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der to end the total capacity of the plate we may 
J into the area of the plate ivith sufficient accuracy 
b'cal purposes, whenever a is small in comparison 
"'g area; a must be measured in centimetres, and 
ice in square centimetres. This method is not ab- 
accurate, because at the edges of the plates the 
ly will not be uniformly distributed, as it will in the 
|f the plate. By increasing the surface and diminish- 
: inay increase indefinitely the quantity which the 
conductor will contain when raised to a given 
The quantity with which the plates will be 
with a given potential is f = f i as before. 
■he arrangement of opposed conductors intended to 
irge capacity with comparatively small surface is 
\ coiidauer. The capacity of a condenser depends 
ielectric separating the conductors. If for air we 
e gutta percha, the capacity will be increased about 
I a quarter times. The coefficient by which the 
of an air condenser must be multiplied in order 
the capacity of the same condenser when another 
! is substituted for air is coastantfor each substance, 
lUed the specific inductive capacily of the dielectric, 
uantity of mucli importance in telegraphy, and will 
realise be designated by the letter k. It has been 
lately determined for a few substances. The fol- 
(ble gives the numbers for these : 
Values of k. 

, . . = I India rubber . . . -^ 2'S 

. . . = 177 Hooper's vulcanised in- 

, - , = rSo dia rubber . , . = 3-1 

. , , = 1-S6 W.Smilh'sguttaperdii = 3-59 

, , . = I 90 Guttapercha . . . - 4a 

- ■ ~ '"93 Mica =5 

"he numbers are approximate values only, and, in- 
' Gibson and Barclay. 
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deed, extreme accuracy is unattainable on account of the 
following peculiarity observed in all solid dielectrics. When 
one plate a of the condenser is first raised to the desired 
potential by contact, say with one electrode c of a galvanic 

battery, the other elec- 
^*°-^^ trode z being in con- 
nection with the earth 
or second plate of the 
condenser as in Fig. 56, 
a charge rushes in with 
great rapidity, but the 
entrance of the elec- 
tricity does not instantly cease, as is the case with an air 
condenser; on the contrary, although it decreases very 
rapidly, the flow of electricity into the condenser does not 
cease for many hours. This phenomenon has already been 
described in Chapter IV. § 10 in its bearing on currents. 
Similarly, when the two plates are joined by a wire so as 
to be brought to one potential, the electricity is discharged 
very rapidly at first; but this discharge is so far from 
being completed immediately that electricity continues to 
flow out for precisely as long a time as it ran in, and 
with precisely the same rapidity after each interval of 
time ; i.e. if, upon maintaining a difference of potential 
X between the plates, coatmgs^ or armatures (as they are 
often called) of the condenser, a quantity q per second 
is found flowing into the condenser at the expiration of 
thirty minutes, then thirty minutes after the two amia- 
tures have been joined, or, in ordinary language, after 
the condenser has been discharged, the same quantity 
q per second will be found flowing from one armature to 
the other. The effect produced is as though the dielectric 
were a kind of sponge absorbing electricity at a certain 
rate when subjected to a certain difference of potential, 
and yielding it all up again when the two plates were brought 
to one potential. A condenser with glass or paraffin be- 
twesD the armatures has noV., Xhet^^ot^^ ^^ 'saxsjkfc definite 
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capacity as an air condenser j the capacity is generally 
understood to mean the capacity for receiving electricity from 
tbe first contact. When a condenser is disdiarged, if con- 
l^ct be not raaintained between the armatures, the gradual 
fKioration of this quasi absorbed charge raises the potential 
o'^ the armature whicli had previously been highly charged, 
and accumulates upon it, so that on again making contact 
teiween the armatures a second considerable discharge is 
given, and a succession of discharges of this kind can be 
villained from a large condenser for several hours. These 
are called residual discharges. The same law holds as to 
'I'arges; after charging the armature to a given potential, 
^nJ leaving it insulated, the potential gradually falls, owing 
'0 the absorption by the glass or gutta percha; then, on 
raising the potential of the armature afresh, by connecting 
" with the electrode of a battery, a fresh charge can be 
poured into the condenser. This apparent absorption of the 
flectridty by the dielectric is said by some writers to be due 
'0 polarisation caused by the continued electrification of llie 
_(iielectric; the word polarisation, like induction, is applied 
t variety of phenomena having little in common. 
I These phenomena are readily observed in a condenser 
nsisting of a mile of telegraph wire insulated by gutta 
la; the copper wire is the one armature ; if the guiia' 
I be covered with lead or tinfoil, as 
E, this forms the other armature ; or, if the gutta per( 
c be placed in a tub of water, that water will 
fe second armature. With a sensitive galvanometer and 
Patiery of 50 cells, or even less, all die phenomena de- 
ped are easily observed, Condensers of smaller bulk 
Q equal capacity can be obtained from the makers of 
fcluc apparatus. When the condenser is like a com 
8 Leyden jar of small capacity, and insulated with 
^ material, the residual discharges may be observed 
"le form of a succession of sparks after the jai has bet 
cha^ferf to a high potential by a iHcuonal macidue. 



the gutia^^^B 

tta perchj^^H 
ter will be'^^fl 
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Fig. 57. 



§ 7. Let a small flat movable plate /, supported by the 
torsion of a wire mnin Fig. 57, be placed flush with a much 

larger flat fixed plate h h 
surrounding it on all 
sides, and let both plates 
be placed opposite and 
parallel to a third unin- 
sulated plate ^, then if a 
permanent difference of 
potentials be established 
in any way between ^ 
and the plates / and h^ 
the quantity of electricity 




per unit of area on the plate /will be 



4 IT A 



, and the elec- 



tricity will be uniformly distributed over the plate/, and the 
electricity of the opposite sign will also be uniformly distri- 
buted over the opposing surface of the plate g. The total 
force with which the plate/ is attracted by ^ will be 



/= 



i^ u 
8 TT^a 



(5) 



Where m is the surface of the plate in square centimfefres.^ 
Apparatus can be constructed by which this force is actually 
measured, by weighing or otherwise, and this apparatus 
forms an absolute electrometer (Sir William Thomson's guard 
ring electrometer) by which we can determine the difference 

of potential / between the plates : / = df / ^ ^/ . / must 

of course be expressed in absolute measure, Chapter V. § i. 
§ 8. Measured by apparatus of this kind, the ordinary 
Daniell's cell (one form of galvanic battery) is found to 
produce a difference of potentials between its electrodes 
equal to '00374. Experiment showed the attraction to be 

* Vide paper * On the Mathematical Theory of Electricity in Equili- 
brium, by Sir W. Thomson. PhiL Mag. 1854, second half-year, and 
republished in 1872 in a volume ervl\\\ed Electrostatics <muI MoL^nOism. 
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per square cenlim&tre between discs separated 
^1 'I ceniimfetre, with a difference of potentials produced by 
"»o Eanidl's cells. 

ffence, in equation (5), if the weighings had taken place 
•0 Paris, we should have had /= 980-868 x -057 ; but in 
"i^gow the force with which a gramme mass weighs is less 
Ihaa in Paris, so that /= 981-4 x -057 =55-94; a = -t, 
''"d M = I ; substituting these values in our equation, we 
obiiir, / - 3-74 for 1000 Daniell's cells. 

losing this value in equation 4, we find that an air con- 
deasei, with a square mfetre surface and the plates one 
■■'lillirnfetre apart, electrified by a thousand cells, would take 
•■ '-+'aree of loooo — 5-2i — =s 2976 units. If the plates 

4 TT X o-i 

had ■[jeeu separated by gutta percha instead of by air, 
'''e enlarge on the plates would be 4-2 x 2976-12499, the 
coef^j^gpf 4-2 being the specific inductive 'capacity of the 
matexial taken from § 5. 

-^ ball, one centirafetre in diameter, electrified by 1000 
^^*i»ell's cells, would take a charge of -5 x 3-74, or 1-87 
"""^ts of electricity. 

*^ *"om a knowledge of tliis quantity we may calculate the 

h'^^ on a similar ball similarly electrified, but so far off 

"i^t the electricity on each ball would remain almost 

'iiiftiniiiy distributed. Two such balls similarly electrified 

^ distance of one rafetre would repel one another with a 



forc^ _ I '87 X 1-87 



= '00035 absolute units of force 



'^Iviaiion i)or -000000357 grammes weight. When the balls 
^^ trought closer, the calculation of attractions or repulsions 

*^^veen them become exceedingly complicated, owing to the 
^^*^ I stribution of the electricity on their surface. 

§ 9. The capacity of a long cylindrical conductor of the 
"'^rneter d and length l enveloped by a concentric cylin- 
*"^^al conductor of the diameter D, and separated from it 
"V an insulator irith the spedtic inductive capadty ¥..Ss. 
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8 = _JLi_ = !Li (6) 

2 loge J 4-6052 log ^ 

(loge signifies that natural logarithms are to be employed instead of 

Napierian logarithms. ) 

The length of the cylinder is assumed to be so great that 
the capacity of the ends may be neglected ; this formula is 
applicable to the insulated wire used for submarine cables. 
The capacity of one knot of the English Atlantic cable is 

^ ^ 4-2 X 6087 X 30-48 ^ 8^^^ (centimetres). 
4-6052 X log 3-28 

6087 is the number of feet in a knot, and 30*48 the number 

of centimetres in a foot ; 3*28 is the ratio between the 

diameter of the gutta-percha and that of the wire conductor. 

It follows from the above, that the charge per knot of 

this cable when electrified by 100 DanielFs cells is '374 

X 328000= 122670 and every time the cable is charged or 

discharged this quantity per knot flows in and out ; thus if 

•01 second be occupied in charging 200 knots the mean 

strength of the current flowing for 'oi second will be 

122670 X 200 ^ '. c J. 
1 = 245340 units of current. 

100 
§ 10. The term electric density signifies the quantity of 
electricity per square centimetre on a charged conductor. 
The equations (2), (3), and (4) allow us to calculate this for 
spheres and condensers with flat plates ; equation (4) is 
applicable to any form of condenser in which the curva- 
ture is not considerable relatively to the thickness a of the 
dielectric. It is applicable, therefore, to the ordinary Leyden 
jar, with the simple modification that the value obtained 
from it must be multiplied by the number expressing the 
specific inductive capacity of the dielectric. The electri- 
cal attraction or repulsion, exerted on a small quantity q 
of electricity close to an electrified surface, is easily calcu- 
lated when the electric density on the surface p is known. 
It is perpendicular to the suiiace, ^.xvd m ak is equal to 

4 TT p ^ = ^ fl ^"l^ 
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rtcre R is the dutrostaik force close to the surface, i.e. thi 

S which the charge would exert per unit of quantity 
I^E smill chat^e q. 

^tween two parallel opposed conducting surfaces, differ- 
'% in potential by the amount /, and separated by a small 
aistflnce compared with their sixe, the resultant electro- 
sfiitic force E tends to impel any small quantity of electricity 
sirajgJit across from one surface to the other, in a direction 
pffpendicular to the surface, with a force/whichis co 
'" ''mount Retaining the previous notation we have 

/= R? - ^ ? (3) 

rile work done on q in crossing is /a = / q. 

T^ie electric density on a small sphere at a given poteatia! 

'■ niuch greater than on a large one, for tlie capacity in- 

1 reaseg only as the radius, while the area increases as the 

■|iiire of the radius; hence an infinitely small sphere 

'.".irgeij to jny sensible potential would have an infinitely 

-teat electric density on its surface, and the force it would 

''■'•^t on electricity in its immediate neighbourhood would 

, ^ infinitely great ; it would, in fact, repel its own parts 

'"finitely, and we may therefore infer that it would be 

""possible to charge a very small sphere to a very high 

Potential. This inference is justified by experiment. The 

"'^tribution of electricity over bodies which have points or 

''''eies is such that the electric density becomes very great 

" these points, as it would on a very small sphere, even 

"^'hcti the potential is not high. The result is a great 

^Pulsion of the electricity for itself, or rather a great re- 

P*^lsion between neighbouring parts of the matter charged 

*'th it; we then frequently see the electrified matter 

f^^^sing off in the condition known as an electric spark, 

, *" as what is termed an electric brush. Anything tend- 

^ to produce a great density at any part of the surface 

L^ « cbarg-ed conductor tends to produce ttie s^axY, "Wms. 

'^^pproaching a linger to a chari^ed conduttot, 'Ctvt isi 



I 
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IS increased by induction opposite the finger, and may be in- 
creased sufficiently to produce the spark. Increased electric 
density by no means necessarily implies increase of potential 
unless the form and position of the conductors are constant 
§ 11. There is a real diminution of air-pressure against 
the surface of a charged conductor, due to the repulsion of 
the electricity for itself. This mechanical force can be 
made evident by electriiying a soap-bubble, which expands 
when electrified, and collapses when discharged. If the 
air-pressure per square centimetre be called/, we have 

/ = 2 TT p« (9) 

The diminution of air-pressure required before a spaik takes 
place between two slightly convex parallel plates has been 
tested by Sir William Thomson, with the results shown in 
the following table : 



Length ot^sparks 
in centimetres 

B A 


Electrostatic 
force R close to 
surface in abso- 
lute units. 
Vide } 10. 


Electromotive 

force ss R X A, 

or difference of 

potential, 

which produced a 

spark 

of length A. 


Pressures of 
electridtvfrom 
either surmce im- 
mediately before 

disruption in 

gKunmes weight 

per square 

centimetres 

R« 




87x981*4. 


•00254 
•00508 

•0086 
•0190 
•04o{' 

•0688 
•1325 


5277 
367*8 

267-1 

224*2 

151*5 

140-8 

131 


I '34 
1-87 

2 30 

4-26 

6*19 

969 

17-35 


11*290 

5*49 
2*89 

2*04 

•931 
•806 

•696 



It is curious to observe that the electrostatic force is not 
constant, as might have been expected ; and that the electro- 
motive force required to produce a spark does not increase 
in simple proportion to the length of the spark, being less 
per unit of distance between the opposed surfaces for long 
sparks than for short ones. It follows from the measurement in 
§8, that 2,600 Daniell's ceWs vjouXd^xodwc^^. s^ark of '0688 
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litres between tivo very slightly convex surfaces ; by 

rring the length of spark, which, under similar circum- 

!, can be obtained, say, from a Leyden jar, we may 

e the potential to which it lias been charged. 

Fl2, The brashes or sparks which fly off from points 

] to high potentials, show that in all apparatus in- 

1 remain charged at a high potential, every angle 

f point must be avoided on the external surfaces. Il 13 
J draw off, by a silent and invisible discharge fi-oni a 

fc^ by far the greatest part of the cha^^e of a conductor 

iuiout any direct contact with the discharging conductor : 
points are also spoken of as collecting electricity from any 
electrified body held in the neighbourhood ; their action is as 
folbivs : If attached to an insulated conductor, and held near 
^ electrified body a, they become charged byinduction with 
he opposite kind of electricity. This flies off in sparks, or 
•y a silent discharge, and leaves the insulated conductor 
"argedniththesameelectricity as that contained in a. This 
''openy of points explains the action of lightning conductors, 
'ighlning is an enormous electric spark passing between 
^0 clouds, or from a cloud to the earth j in the latter case 
*e electrified cloud is attracted, toivards any prominence or 
^'od conductor, which becomes electrified by induction, and 
le spark of liglitning passes when the difference of poten- 
^Is is sufficient to overcome the mechanical resistance of 
'e air. If the electrified prominence on the earth be 
tuied witii a point connected, by good conductors, such as 
u^ge copper rods, with the earth, then, as soon as the po- 
^ntial of the point is raised even slighdy, the electricity , 
>asses off from the point into the air; the prominence can 
10 more be electrified highly by induction than a leaky 
'"cket can be filled with water ; the electrified clouds arc 
'"t attracted to the neighhourhood, and even should they 
* driven there in such quantity that the electricity Sying 
"I from the point is insufficient lo prevent a spark from 
'^'"fi the spark will pass from the cloud XO vVc ■j^ivW,, 
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inasinuch as the electric density and attraction will be 
greater there than anywhere in the neighbourhood. Elec- 
tricity conveyed by a good meta! conductor to the earth 
does no harm, and leaves no trace of its passage ; whereas, 
a spark driven through an insulator or bad conductor, tears 
it to pieces on its passage; this fact may be verified by 
sending a spark through glass, which will be cracked an*! 
shivered, or through paper, which will have a hole torn i 
it. The electromotive force required to produce mechanical 
results of this character is much greater than that required 
to open a passage through a corresponding thickness of a-U^ 
^Ve may, therefore frequently, prevent the passage of sparts 
between two conductors, by covering one of them with 
ebonite, glass, or other hard insulator. 

Sir W. Thomson has found that if a conductor with sharp 
edges or points is surrounded by another, presenting every 
where a smooth surface, a much greater diffetence of poten- 
tial can be established between them without producing 
disruptive discharge, when the points and edges are positiv*, 
than when they are negative. 

% 13. Tlie distribution of electricity over opposing s«i- 
I faces, wlien these are not of the simplest description, offers 
problems of entreme complication. Generally, we kno" 
that the density will be greatest where the opposing con- 
ductors are close together, and where they have angles •" 
points, that it will increase directly as the difference 
potential and directly as the specific inductive capacity *^ 
the dielectric. We must especially remember that the cha'S* 
or electric density on opposed surfaces depends on diff*^'' 
ence of potential, and not on absolute potential, so that *"* 
electrifying the outside of a charged insulated Leyden J*"" 
we shall raise not only the potential of the outer, but also 
that of the inner coating ; from the same cause the chaiS* 
of any condenser due to contact with two electrodes of * 
battery will be the same, whether one electrode of the battery 
be uninsulated or not, i.e. the qiiautitj wiivch. tKII Bow fro^i 
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^"'■one annature to the otiier when joined will be unaltered, ^^^ 



l>u[ the quantity Bowing from either aimature to the earth 
"^11 depend on the potential of that armature. Any change 
^^ in the total quantity of a charge on a conductor will change 
^BjKs potential as a change of its potential will change 
^Hhediarge. Putting a charged conductor io contact with 
^^pioiher conductor at the same potential, will not alter the 
fflismbution of the charge in either j but if two conductors 
''t different potentials are brought into contact, there must . 
necessarily be a redistribution of the charge due to the inter- 
'Tiediate potential assumed by the two bodies. Mr. F. C. 
^^ebb in his treatise on electrical accumulation and con- 
'iuction, has given many instructive examples of the dis- 
tribution of electricity under different circumstances. The 
theory already stated explains his results. 

§ 14. The simple laws connecting potential, quantityj 
'Opacity, density, and electrical attraction or repulsion have 
"ow been stated, and the nature of the measurements has 
"^^n indicated, by which potential, quantity, and capacity can 
"^ defined in terms of length, mass, and time ; a current is 
"^cessariiy measured by measuring the quantity which passes 
Pi^r second, and resistances are expressed in terms of that 
•"esistance which would allow the unit current to pass in the 
Unit of time, with the unit electromotive force acting between 
''^e two ends of the wire. To give some idea of the 
■Material representation of units of this kin<l, it may be stated 
'hat this resistance would be represented by about one 
"iindred million kilorafetres of mercury at o° Centigrade, ia 
^ tube, the sectional area of which was one thousandth of a,j 
^Itiare millimetre ; electricians when they measure the resist- 
^ice of the gutta percha envelope of a mile of cable, ob-1 
-rveresistancesof about sn^th of this magnitude; approxi- 
■litely the insulation resistance of one foot of gutta-percl 
' overed wire is of about this magnitude. The unit of current 
'Si such as would be given by a battery of about 268 Daniell's 
cells through the above resistance. The unit qiianutj ol t\s»v 
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tricity is that on a spliere two centimetres diameter, el 
trifled by one poie of 268 Daniell's cells in series, the oti 
liole being in connection with the earth. This quani 
discharged per second would give a current equal 
strength to that flowing through the long mercury conduc 
or gutia percha envelope from the 268 cells. This series 
units is called the electrostatic absolute centimfetre-gramr 
second series. This electrostatic series is the most ci 
venient for calculations concerning electricity at rest, 1 
when treating of currents and magnets, a distinct series 
units is used ; this double series of units involves no grea 
inconvenience than the use of the chain, acre, and rod 
surveying, while the inch, foot, and square inch are used 
describe machinery. 

§ IS. The four principal electrostatic units are diree 
determined by four fundamental equations ; from eqnatl 
(1)1 § 3j ™£ have_/"= ^L^ from which, if ^i =^, we dircc 

find the unit of quantity in terms of the unit of force ; 
know by the definition of potential that the work so dt 
in conveying the quantity q of electricity between t 
points at potentials differing by the amount lis equal 
f (or 

'■ = ? (") 

This gives the unit difference of potentials in terms of J a 
the unit of work; by definition § 14 the current c = 

where q is the quantity passing in the time /, and fram t 
equation we obtain the unit of current in terms of ^, and' 
unitoftime; from Ohm's law r ^ — , by which we obi 

the unit of resistance in terms of i and e. 

Finally, the unit of capacity is directly derived froin ' 
of potential and quantity ; the unit of density from tha 
eurfa.ce and quantity. 
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If the capacity of a conductor be called j, we havej = i 

where g is tlie quantity with which it is charged by t 
ekciromotive force i. 



CHAPTER VI. 

MAGNETISM. 



5 1. A MAGNET in the popular acceptation of the word ts aH 
P'Ke of steel, which has the peculiar property, among others, , 
of attracting iron to its ends. Certain kinds of iron ore I 
ulled loadstone have the same properties. 

If a magnet a be free to turn in any direction, the pre- 
'fnce of another magnet b will cause a to set itself in a 
•^"tain definite position relatively to b. The position which 
""e magnet tends to assume relatively to anotiier, is con- 
'eniently defined in terras of an imaginary line, occupying 
^ fixed position in each magnet, and which we will call the 
'"a-gnetic axis. The greatest manifestation of force exerted 
V a long thin n)^;net, is found to occur near its ends, and 
'lie two ends of any one such magnet possess opposite 
l^ialities ; this peculiarity has caused the name of poles to 
^^ given to the ends of long thin magnets. These poles 
^e commonly looked upon as centres offeree, but except 
"1 the case of long, infinitely thin, and uniformly magnetised 
'ods they cannot be considered as simple points exerting J 
''>rces ; nevertheless, the conception of a magnet as a pairj 
"^ poles, capable of exerting opposite forces, joined by afl 
''^^ exerting no force, is so familiar, and in many cases so^ 
nearly represents the facts that it will be employed i 
^tiis treatise. The magnetic axis, as above defined, is th 
^ joining the two imaginary poles. 

* 3. Every magnet, if free to turn, takes up a definite \ 
'*°^itionrelativeI>- to the earth, which is itse\E a ma^ftl. "^^J 
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pole, which in each magnet turns to the north, will by us be 
called the north pole of the magnet. The other pole will 
be called the south pole. The two north poles of any two 
magnets repel one another ; so do the two south poles ; but 
any north pole attracts any south poje. Hence, the north 
pole of a magnet is similar in character to the south end of 
the earth. The pole which is similar to the south end of 
the earth is sometimes called the positive pole ; the other, '• 
which we call the south pole of the magnet, is the negative 
pole. When a magnet is broken each piece forms a com- 
plete magnet with a north and south pole. 

§ 3. The strength of a pole is necessarily defined as propor- 
tional to the force which it is capable of exerting on another 
given pole; hence the force/ exerted between two poles of 
the strengths w and ;;/, must be proportional to the product 
m niy The force/ is also found to be inversely proportional 
to the square of the distance d, separating the poles, and to 
depend on no other quantity; hence, choosing our units 
correctly, we have 

The strength of a pole is a magnitude which must be ] 
measured in terms of some unit When in the above 
equation we make /and D both equal to unity, the product 
;;/ ;//j must also be equal to unity hence from equation (i) it 
follows that the unit pole is that which at the unit distance 
repels another similar and equal pole with unit force. 

/will be an attraction or a repulsion according as the 
poles are of opposite or similar kinds. The number m is 
positive if it measures the strength of a north pole and 
negative if it measures the strength of a south pole ; hence an 
attracting force will be affected with the negative sign, and 
a repelling force with the positive sign. 

§ 4. We observe that the presence of the magnet in some 
way modifies the surrounding region, since any other magnet 
brought into that region experiences a peculiar force. The 
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^hbourhood of a magnet is often for 

fc mffietic fild ; and for the same reason the effect prt 

Biiced by a magnet is often spoken of as due to the maj 

petic field instead of to the magnet itself. This modi 

!(pression is the more proper, inasmuch as the same or a 

r condition of space is produced by the passage of 

nic currents in the neighbourhood, without tlie presence 

1 magnet Since the peculiarity of the magnetic field 

ts in the presence of a certain force, we may numerically 

IS the properties of the field by measuring the strength 

Tind direction of the force, or, as it may be worded, the 

'■"Icisity ofthejield, and the direction of the lines of force. 

This direction at any point is the direction in which the 
'Wee tends to move a free poie ; and the intensity h of the 
''eld is defined as proportional to the force /, with which 
" acts on a free pole ; but this force/ is also proportional 
'^ the strength m of the pole introduced into the field, 
'"id it depends on no otlier quantities ; hence, 

/=»H W 

^nd therefore the field of unit intensity will be that which 
'lets with unit force on the unit pole. 

§ 5. The/iHiM^/fri-if produced by a long thin bar magnet 
■^^ar its poles radiate fi'om the poles ; the intensity of the 
fi^^ld is equal to the quotient of the strength of the pole 
■'ivided by the square of the distance from the pole; thus 
'he unit field will be produced at the unit distance from the 
unit pole. 

In a uniform magnetic field, the lines of force will be 

' '^rallel ; such a field can only be produced by special 

'^rahinations of magnets, but a small field at a great 

'-istance from the pole producing it will be sensibly 

■miform. Thus in any room unaflected by the neighbour- 

^^^)od of irort or magnets, the magnetic field due to the 

^^Htoll will be sensibly uniforjii : its direction being that 

^^Hnmed by the dipping needle. The dipping uelc^^X^ '\s a. 
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long magnet supported in such a way as to be free to take 
up its position as directed by the earth, both in a horizontal 
and vertical plane ; it requires to be very perfectly balanced 
before being magnetised, otherwise gravitation will prevent 
it from freely obeying the directing force of the earth's 
magnetism. 

§ 6. We can never really have a single pole of a magnet 
entirely free or disconnected from its opposite pole, but from 
the effect which would be produced on a single pole it is 
easy to deduce the effect produced by a magnetic field on a 
real bar magnet. In a uniform field, two equal opposite and 
parallel forces act on the two poles of the bar magnet, and 
tend to set it with its axis in the direction of the force of the 
field. This pair of forces tending to turn the bar, but not 
to give it any motion of translation, constitutes what is 
termed in mechanics a couple. When the magnet is so 
placed that its axis is at right angles to the lines of force 
in the field, this couple g is proportional to the intensity of 
the field h, the strength of the poles m^ and the distance 
between them / ; or 

G = w / H (3) 

The product w / is called the magnetic moment of the 
magnet ; and from equation (3), it follows that the moment 
of any given bar magnet is measured by the couple which it 
would experience in a field of unit intensity, when it is 
placed normal to the lines of force. A couple is measured 
by the product of one of its forces multiplied into the 
distance between them. The intensity of magnetisation of a 
magnet is the ratio of its magnetic moment to its volume. 

§ 7. When certain bodies (notably soft iron) are placed 
in a magnetic field they become magnetised, the axis joining 
their poles being in the same direction as would be assumed 
by the axis of a free steel magnet in the same part of the 
field. Thus if the small pieces of soft iron n s are magnet- 
ised hy the action of the magnet n s producing the lines of 
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?*W force shown in Fig. 58, the north pole will be near «, the . 
soaih pole near s in each case. Magnetisation when pro*« 
iiuced in this way is said to be induced, and the action ia^ 
called magnetic induction. The intensity of the magnetisa- 
tion (except when great) is nearly proportional to the in- 
lensLly of tlie field. We have seen in Chapter III. § 13, that 
so/tiron, round which a current of electricity circulates, 
(■ecomes magnetised. When, therefore, we can calculate the 
iiileasity of the magnetic field which we now see is produced 
h' the electric current, we shall be able to calculate the 
iniensily of magnetisation of the soft iron core. When the 
I magnetisation approaches the limiting intensity which the 
I soft iron is capable of receiving, it always falls short of that 
talcujaied on this principle. 

Bodies in which the direction of magnetisation is the same 
3s that of the field are termed paramagiieiic. Iron, cobalt, 
■"id nickel, chromium and manganese, are paramagnetic ; 
some compounds of iron are also paramagnetic 
^f these bodies retain their magnetism, so that 




"^ve an independent nickel magnet Iron is capable of 
'"Uch more intense magnetisation than nickel, but nickel 
^t'proiiches iron in this respect more nearly than any other 
•"^tetial. Certain other materials, such as bismuth, a 
"^ony, and einc, are magnetised by a magneilc. ?ie\A, ^o '^A'iX 
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the direction of magnetisation is opposite to that of the 
field : they are called diamagnetic. None of these bodies 
can be so intensely magnetised as iron, nor do they retain 
their diamagnetism when removed from the field. 

§ 8. One consequence of magnetic induction is that when 
a number of similar magnets are laid side by side we obtain 
a compound magnet stronger indeed than any of the com- 
ponent magnets, but much less strong than the sum of the 
strengtlis of the separate magnets used. For when a magnet 
N s is brought near another n' s', as in Fig. 59, the north pole 
N tends to induce a south pole at n' and similarly n' tends to 
induce a south pole at n. The result is that N and n' by 

Fig. 59. Fia 6a 

o < 

^ — O /" -^ 

their mutual action weaken one another, if n be sufficiently 
strong relatively to n', it may actually reverse the polarity ot 
the weak magnet. If on the other hand two equal magnets 
are placed, as in Fig. 60, N and s' mutually strengthen one 
another by induction, but since they tend to induce .opposite 
and equal magnetic fields the result is to weaken the re- 
sultant field in the neighbourhood, and if the magnets are 
allowed to touch, the strength of the field will be reduced 
to an insensible amount. When the magnets are not equal 
the weaker magnet will reduce the strength of the magnetic 
field due to the stronger. 

§ 9. When soft iron is magnetised by being placed in a 
magnetic field a sensible time elapses before it assumes the 
maximum intensity of magnetisation which the field will 
produce. Similarly, when the bar of soft iron is withdrawn 
from the field it does not lose its magnetism instantly ; the 
magnetism decreases as gradually as it increased, and in 
zlmost all cases some traces of magnetism will remain for 
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lOuts or perhaps for ever after the iron has been withdrawn 
from the magnetic field. Thisremnant of magnetisation is 
often caUsi residual magnetis?H ; most ordinary pieces of iron 
show residual magnetism very distinctly, especially in large 
masses ; but veiy perfectly annealed iron of certain qualities 
shows very little, and is valuable on that account in the con- 
struction of telegraph instruments. The cause of this phe- 
n is csi^sA coercive force. The slowness witii whidj,, 
any mass gains or loses its magnetism is a serioui 
iment to the construction of quick-working tekgraphit 
ratus. The term 'soft iron' is applied to denote 

;s its magnetism rapidly, or in other words iroal 
little coercive force. 
10, The conception of electric potential has been ex- 
'uned at length in Chapter II. Magneiic potential is an 
aaaJogous conception. If we move a single magnetic po!e 
'ram one point to another of the magnetic field, we shall 
'^"d that the forces in the field perform work on the pole, or-i 
ihat they act as a resistance to its motion according 

with, or contrary to, the forces acting on the polej 
Ihe pole moves at right angles to the force, no work is 
The difference of magnetic potential between any two 
of the field is measured by the work done by the 
letic forces on a unit pole moved against them from 
one point to the other, supposing the unit pole to 
rcise no influence on the field in question. A point 
■itely distant from the pole of any magnet must be at 
magnetic potential, and hence the magnetic potential of 
point in the field is measured by the work done by the 
letic forces on a unit pole during its motion from 
t infinitely far off from all magnets to the point 
tion, with the same limitation as before, 
equipotential surface in a magnetic field is a surfa 
drawn that the magnetic potential at all its points shall 
- same. By drawing a series of equipotential surfaces,' 
'ponding to tJiepotentj'aJs 1,2,3 • ■ • 1, \ve tfta.^ xtvi^^ 
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out any magnetic field so as to indicate its properties. The 
unit pole in passing from one such surface to the next against 
the magnetic forces will always perform one unit of work. 

The direction of the magnetic force at any point is per- 
pendicular to the equipotential surface at that point; its 
intensity is the reciprocal of the distance between one sur- 
face and the next at that point ; i.e. if the distance from 
surface to surface be J, measured in units of length, the in- 
tensity of the field will be 4. 

§ 11. The magnetic field may be mapped out in another 
manner : this second method is due to Faraday. 

Let a line whose direction at each point coincides with that 
of the force acting on the pole of a magnet at that point be 
called a line of magnetic force. By drawing a sufficient 
number of such lines we may indicate the directum of the 
force in every part of the magnetic field ; but by drawing 
them according to a certain rule we may also indicate the 
intensity of the force at any point as well as the direction. It 
has been shown * that if in any point of their course the 
number of lines passing through a unit area is proportional 
to the intensity there, the same proportion between the 
number of lines in a unit of area and the intensity will hold 
good in every part of the course of the lines. 

If, therefore, we space out the lines so that In any part 
of their course the number of lines which start from unit of 
area is numerically eqtial to the number measuring the in- 
tensity of the field there, then the intensity at any other part 
of the field will also be numerically equal to the number of 
lines which pass through unit of area there ; so that each 
line indicates a constant and equal force. 

The lines of force are everywhere perpendicular to the 
equipotential surfaces ; and the number of lines passing 
through unit of area of an equipotential surface is the re- 
ciprocal of the distance between that equipotential surface 

' Vide Maxwell on 'Faraday's Lines of Force,' CamMJge PAiL 
Tra/is, 1 85 7. 
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id the next in order — a statement made above in slight^ 
It language. 
f {13. In a uniform field the lines of force are straighl 

wllel, and equidistant, and the equipotential surfaces 
planes perpendicular to the lines of force, and equidistanl 
from each other. 

If one magnetic pole of strength w be alone in the fiel( 
In lines of force are straight lines, radiating from the pol 
wMlly in all directions, and their number is 4 
fcoipolential surfaces are a series of spheres whose centn 
^B at the pole and whose radii are m, \7n, \in, \m, he Ii 
Bki magnetic arrangements the lines and surfaces 
Bwe complicated. 

BSince a current exerts a force on the pole of a magnet 
Bi its neighbourhood it may be said to produce a mag- 
■Kic field, and we may draw magnetic lines of force and 
fcuipotential surfaces depending on the form of the circuit 
Kpveying the current, and the strength of that current; 
^pen the current is a straight line of indefinite lengtli 
■ telegraph wire, a magnetic pole in its neighbourhood is' 
^Red by a force tending to turn it round the wire, so that at 
B')' given point the force is perpendicular to the plane pass- 
Bjthrough this point and the axis of the current The equi- 
^Pential surfaces are therefore a series of planes passing 
Baugh the axis of the current and inclined at equal angles 
■Each other. If tlie unit current be defined as that mrrtiit, 
^B vnit length of which acts -with unit force on Hu unit 
^K?t^c pole at the unit distance, then the number of the 
^Sipolential planes surrounding the wire is 4 tt f where 
^p the strength of the current. Thus if the strength 
^■C I'gog we should have 24 such planes; if w 
^pole number, c must be expressed in units so small t! 
^^ error involved in taking the nearest whole 
^V he neglected. The hnes of magnetic force are circles 
^Pi>g their centres in the axis of the current and their 
^^^ peipeadicuiai to it The intensity a ot the mn-^y^xc. 
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force at a distance k from the current is the reciprocal 
of the distance between two equipotential surfaces ; we have 

therefore r « ^. .... 4®, 

§ 13. In most telegraphic instruments magnets or soft 
iron armatures are moved by forces due to the passage of 
electric currents in certain wires. The apparatus should be 
sensitive so that it may be worked even by feeble currents ; 
in designing the apparatus it should therefore be our en- 
deavour so to arrange the wire conveying the current as to 
produce the most intense magnetic field which that cunent 
is capable of producing, and to place the magnet or soft 
iron acted upon in the most intense part of that field. By 
so doing, and by reducmg the forces opposing the motion 
of the soft iron or magnets as much as possible, we render 
the apparatus as sensitive as it can be made. 

When the magnet to be moved or acted upon is large it 
will occupy a large portion of the magnetic field, and will 
therefore experience a larger force than if it were small ; but 
the force which it experiences per unit of volume can seldom 
if ever be made so great as when the magnet itself is small, 
for a small and intense magnetic field can be produced with 
a much less current than a large and equally intense mag- 
netic field. Hence, we find all very sensitive apparatus 
characterised by small moving parts. The inertia of large 
masses is also injurious in all rapidly moving parts, for not 
only are the large masses acted upon with less force, but 
owing to the increased distance of the greater portion of 
their bulk from the axis on which they must oscillate their 
moment of inertia is increased even more than their bulk. 

Similarly, when a wire conveying a current, or a magnet, 
or a soft iron armature is to move under the influence of a 
magnet, it must be our aim so to arrange that magnet as to 
produce the most intense magnetic field possible at the 
spot where the moving piece is placed. 

The mapping out o£ nvag;cveX.\c ^dd-^ due to diflSerent 
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iorms of magnet and different arrangements of wires con- 
veying currents has therefore a great practieal interest for 
fte electrician. 

f It The poles of a magnet are not at its extremities, but 
generally a little way from the end. It is not necessary that 
imagnet should be magnetised in the direction of its length; 
I bar may be magnetised transversely or indeed in any direc- 
tion. Some magnets have more than one pair of poles. 

If a long thin magnet be broken each part becomes a 
fJistinct magnet having its axis in the direction of the old 
^"^s ; from this it appears that all parts of the magnet are 
'■' some peculiar polarised condition, and the actual poles of 
x^Y given magnet are simply the result of tlie combination 
^^ all these polarised parts. 

A piece of soft iron which is a magnet by induction can 
"Sain induce magnetism in another piece of sofl iron ; thus, 
3 magnet may sustain a long string of nails each hanging to 
Its neighbour. This chain of nails has its p^ of poles near 
'''le ends of the first and last nails in the series, and affords 
^n example of what is meant by saying tliat all parts of a mag- 
net are in a polarised condition ; each nail when detached 
from the series will remain a magnet for some little time in 
I jutue of its coercive force § 9. If a magnet be plunged 
■^p iron filings and withdrawn, these adhere most abundantly 
^^feai the poles. They stand out from the magnet in tufts, 
^^vgest where the field offeree is strongest, that is, near the 
P^foles, and the direction of the chains or strings which they 
fortn corresponds to the direction of the lines of force ; each 
separate filing becomes a small magnet for the time being. 
§ 16. Magnets are made from one another by taking 
je of this coercive force, which is found to be greatest 
! hard steel. A piece of steel may be magnetised by 
"ig stroked once or twice in the same direction by a 
Werful magnet, or even touched at one end by that 
'^'^gnel. Better results are obtained by placing the two 
opposite poles of equally strong magnets in \.W teoXtt 'A 
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tlie bar to be magnetised, and drawing them simultaneously 
away from the centre to the two ends. This operation is 
repeated two or three times, and the bar then turned over 
and treated in a similar way on the other face. The bar 
magnets may, with advantage, incline from one another 
while being dragged apart A still more complete magneti- 
sation is given by placing the bar a b between two powerful 
magnets n s and n' s' as shown, and then drawing the oppo- 

FiG. 6z. 




site poles of two other magnets from the centre of a b towards 
the ends. There are other methods of preparing magnets 
but they all consist in placing every part of a bar of steel in 
the strongest possible magnetic field and trusting to the coer- 
cive force of the steel to retain the induced magnetism. 

§ 16. The name electro-magnet is given to a magnet 
formed of a rod or bundle of rods of wrought iron, round 
which an electric current circulates in a coil of wire, as in 
Fig. 40. The electric current so arranged produces an 
intense magnetic field, and the most powerful magnets are 
produced in this manner. It is found that there is a limit 
to the amount of magnetism which in this way or any other 
can be induced in soft iron; when this limit is approached, 
the soft iron is said to be saturated with magnetism. Steel 
is sooner saturated than wrought iron; and as it resists the 
acquisition of magnetism more than soft iron does, so it 
retains more of the magnetism it acquires. This resistance 
to magnetisation is also attributed to coercive force. Electro- 
magnets can be made of any foircv. The two most common 
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I ire tile straight bar, in which the poles are as far apart 
I pcssible, and the horse-shoe, in which they are brought close 
I together, 

A piece of soft iron joining the poles of a magnet is 
lolled an armature; it adheres to the poles and diminishes 
Bvery much, while in its place, the intensity of the magnetic 
■ieJd in the neighbourhood. An electto-magnet formed as a 
Jeompleie ring produces no sensible magnetic field in its 
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"^'glibourhood ; nevertheless, although without poles, it 
'^''tainly a magnet, and produces many of tlie raagneti 
P^^Qomena, A series of equal magnetii arranged (as i 

'& 63) so that the north pole of each is in contact with 

7^^ South pole of its neighbour will also produce no magnetic 

^'d. An armature is found to diminish sensibly the loss 

ftiagnetism which is continually taking place in ordinary 

^^1 magnets. The armature is used to suspend weights 

'^°'^ horse-shoe magnets, as in Fig. 62, 

§ 17. The strength m of the poles of a long soft 

1 bar of one square centimetre section held horizon- 

. 'y in the magnetic field due to the earttv a\OTiC m '^si^- 

J^fi Kill be equal to about 'iji; x jfl-% 01 Vl^ ^'^ 
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each pole would attract a pole of opposite name witki 
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force/ = -— - , so that if the distance between the pole 

were one mfetre, the force exerted would be S 74 x ^1 4 

I go' 

= 32*9 X ID"* = '00329 absolute units of force equal io 

the weight of '0000517 grain. In order that this should 

be even approximately true the prism must be so long that 

the magnetisation of the middle does not interfere wilL that 

of the end. We should be able to calculate the strength of 

the poles of any bar short or long if we were able to find 

the magnetic effect produced by a series of equally magnetised 



Fig. 64. 
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elements in a row. Let the black part of each element 
represent a . southern pole and the white part a northern 
pole ; then if each element were so magnetised that the 
black and white parts were S)rmmetrical and if the strength 
of each pole were a certain multiple of the intensity of the 
'field, then n^ would exactly cancel ^2 \ ^2 would cancel s^. 
and so forth, leaving s at one end and n at the other at 
the effective poles of the magnet ; but in fact the action oi 
each little element extends to all the others, and the sum 
mation of all these effects is so complex that we musi 
abandon all attempt to calculate the strength of the poles 
from the intensity of magnetisation, except in certain ver) 
simple cases. The calculation given above applies sensibl) 
to all long thin bars the cross section of which is smal 
compared with one-twelflh of their length; thus our bai 
of one centimetre cross section would have to be at leasi 
five or six metres long before the formula would apply. 

The magnetic moment (§ 6) of a long thin bar is, kn si 
where h is the mtensity of ll[ve fidd, ^ the cross section 0: 



Magnetism. 123 

lie bar, / its length, and k the coeffident of .magnetic induc- 
tion; the magnetic moment of a sphere in the same field 
wiUbe 

""^"r+Sa- ■ ■ « 

^nd from this formula the intensity of magnetisation of a 
given piece of steel or other metal can easily be calculated 
" ^ be known, or k may be determined from actual obser- 
vation of the magnetic moment. 

§ 18. The coefficient k is constant only for low magnetic in- 
'ensities, and gradually diminishes according to an unknown 
'aw a5 [ijg maximum intensity for each material is approached. 
' ^e maximum intensity of magnetisation for iron can be 
obtained from an experiment by Dr. Joule, who found that 
"^6 tnaxiraum attraction he could produce between an 
^'^ctro-magnet and its armature was 200 lbs. per square inch 
"'surface. Calling this maximum attraction F, the intensity 
'* and A tlie area of the surfaces between which the attraction 
^ exerted, we have, when the distance between tiie surfaces 
^^ very small 

v = 2.?x ... (6) 

^^"^ lbs. per square inch is 14061 grammes per square ceati- 
^tre, or about 13,800,000 absolute units of force per square 

^^ntim^tre. Giving this value to f in the above equation 
•^eti A is unity, we find for i the value of about 1430, as the 

K'^^'ximum intensity of magnetisation of which iron is cap- 
e. If the value of 32-8 k were constant, a magnetic field 
the intensity of about 45 would be sufficient to magnetise 
1 to saturation. Probably k can only be regarded aa 
isibjy constant while the magnetisation of the iron is 
wlow one quarter of its maximum value, and from some 
'^'periraents by Mijller ' we might infer that the value of k 
~'°* r the point of saturation is about one-third of the value 
W'en above, so that a field of magnetic Intensity equal to 

Pogg. Ann. vol. lout. rSso. 
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about 135 would be required to give an electro-magnet 
the maximum possible strength. 

§ 19. The relative intensity of magnetisation in the same 
field for different substances has not been very fully studied ; 
in other words, the values of k for different materials and 
different values of / are not well known. The following 
table is deduced from relative values obtained by Barlow, 
to which I have added nickel and cobalt, from relative 
values given by Pliicker : 

Soft wrought iron . 32*8 Soft cast steel . 23*3 

Cast iron . . . 23 Hard cast steel . i6'i 

Soft steel. . .21*6 Nickel . . 15*3 

Hard steel . . 17*4 Cobalt . .32-8 

These values can only be approximately true. A complete 
table of the values of k would require to contain a set of 
values for each material, and each value of / ; whereas the 
value of / for which the above values hold good is not 
known. The maximum intensity of magnetisation for hard 
steel is less than for soft iron, and from some experiments 
of Pliicker,^ it appears that this difference is about 37 per 
cent., but a much greater intensity of field is required to 
produce the maximum of magnetisation. 

With small values of /, the value of k for nickel was found 
by Weber to be five times that of iron, but with higher values 
of / it rapidly became smaller than for iron, reaching a 
maximum when / is about 30, increasing after this only about 
2 per cent, when / was doubled. 

§ 20. According to experiments made by Pliicker T 
estimate the value of k for water at 

— 10*65 X io~^- 
The following values of k for different diamagnetic sub- 
stances are calculated on this assumption from relative 
values obtained by Pliicker : 

Water — 10*65 '^ ^o"* 

Sulphuric acid (spec. grav. I '839) . — 6*8 x io-« 

> Pogg. Antv. vo\. •5tdv . 
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M"™T - 33*3 " lo"' 

Phosphorus - 18-3 X 10- 

Bismutli — 150 X io'6 

^rom an observaLion by Weber, the value of k for bismuth 
|l about — i6'4 X lo"^. 

\ These figures are given to show very roughly the relative 
Tflue of magnetic and diamagnetic action; they cannot be 
3ied upon as even approximately true. Different observers 
[ve different relative values of k, differing twenty for tlie 
" me substance. It must also be remembered that they 
i intended to indicate the value of k for equal volumes, 
ot equal weights, of the substances. 

. It follows from equation (6) above, that the attrac- 

K>n between a magnet and its keeper or armature is propor- 

the square of the intensity of the magnetisation, and 

erefore in an electro -magnet to the square of tlie current 

Multiplied into k. 

It also follows that where the intensity of magnetisation 
's the same throughout the mass of iron, the attraction will 
t*e simply proportional to the cross section of the iron. The 
*^t>ject of increasing the length of an electro-magnet is to get 
* tiniform field and to place the poles so that they do not 
***terfere with one another. 

By rounding or pointing the ends of a magnet, a more in- 
'■^nse magnetisation is produced at the ends than elsewhere ; 
•^ence a greater attraction per square centimbtre of surface. 

The attraction between a magnet and a keeper is directly 
t»roportional to the intensity of tlie magnetism induced in the 
Keeper, if the keeper does not by its mass or great intensity 
'if magnetisation react on the magnet, altering its intensity. 
The relative attraction of a large magnet for small volumes of 
different substances does therefore truly measure the relative 
Values of (4 for each substance, if tlie volumes are the same 
and the intensity of the magnetic field the same throughout 
all the volume; but these values of k are almost useless 
unless the value of i in absolute measure is aXso Ae\e\mwe&, 
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CHAPTER VII. 

MAGNETIC MEASUREMENTS. 

§ 1. Before proceeding to study further the laws of the 
action of currents upon currents, it is convenient to examine 
the methods by which the forces exerted by magnets one 
upon another can be definitely measured or expressed in 
numbers depending solely on the centimetre, gramme, and 
second of time. To do this, we require to measure 
two things only : ist, the intensity or strength, t, of 
magnetic field which a given magnet or arrangement of 
magnets produces at a given point. 2nd, the magnetic 
moment, m = /«/, of the magnet which is acted upon by the 
assumed magnetic field. Knowing these two quantities, we 
can, in virtue of the laws already stated, calculate the couple 
experienced by the magnet in the field. The simplest expe- 
rimental determination of the magnetic strength of a field 
requires that the field shall be sensibly uniform throughout 
the space in which the experiment is to be tried. The 
magnetic field due to the earth is sensibly uniform within 
the space occupied by the experiment, and after giving a 
general description of the magnetic field due to the earth's 
magnetism, we will proceed to examine how its intensity is 
to be measured. 

§ 2. The direction of the lines of force in this field is not 
horizontal except at some places near the equator. The 
earth may be (very roughly) conceived as a large bar magnet, 
and Fig. 58 shows that the lines of force are parallel to the 
axis of the magnet only at points half-way between the 
poles. The inclination of the lines of force at any place to 
the plane of the horizon is called the dip or magnetic incli- 
nation at that place. If a magnet were suspended by its 
centre of figure, and weie free to assume any direction, it 
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would not remain horizontal, but its axis would lie in the 
direction of the lines of force ; ia the northern hemisphere 
'Is north pole would point downwards, and the angle which 
ihis axis makes with the horizontal plane is the dip or in- 
clination. 

The lines of the earth's magnetic force do not usually 
lie in planes running due north and south. The vertical 
plane in which they lie at a given place is called the magnetic 
"tet-tdian of that place ; the magnet points to the magnetic 
north. This magnetic north is not any one point, Le. the 
magnetic meridians at different parts of the earth's surface 
do not cut at one point as the true meridians do. 

The geographical or true meridian of a place is the plane 
passing through the place and containing the true axis of 
the earth. The angle contained by the magnetic and true 
meridians is called the magnetic declination at that place ; 
the declination is said to be east if the north pole of the 
magnet points east of the true or geographical meridian. 
1 he declination is west if the north pole of the magnet 
points west The north and south points of the mariner'a 
compass indicate the magnetic meridian. 

§ 3, The declination and dip, or inclination, not only vary 
froni place to place, but also at any one place from hour 
'o hour and from day to day. There are some irregular varia- 
'lOKs, but there are others which are evidently periodic. 

^. There are secular variations, the duration of which is 

"ot accurately known. In 1580, the declination at Paris 

'yas ii" 20' E. ; in 1S14, this had become 22° 34' W., and 

since then the needle has gradually returned towards the E.; 

"^ ^865 the declination was 18° 44' W. In certain parts of 

•he earth the magnetic and geographical or true meridians 

*^uicide ; these points may be joined by an imaginary line, 

"^d the agonic line, or line of no variation. 

*• There are annual oscillating variations of declination 

"^^ exceeding 15' or 18', and varying at different epochs. 

3. There are diurnal osciJlating vaiiaUOtiS oS i 
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amounting at Paris on some days to about 25 , on others 
not exceeding 5'. 

4. There are accidental variations or perturbations s£ud 
to be due to magnetic storms. These variations occur with 
great rapidity, causing deflections to the right and left, com- 
parable in their rate or period of alternation with ordinary 
telegraphic signalling ; accidental variations of 70' have 
been observed. 

The dip also varies from place to place ; it is greatest in 
the polar regions, being 90** at the magnetic pole. At a 
series of points near the equator there is no dip ; the line 
joining these is called the magnetic equator. In the southern 
hemisphere the direction of the dip is reversed, the south 
pole pointing downwards. Lines connecting places where 
the dip is equal are called isoclinic lines. 

§ 4. The total intensity of the earth's magnetism is the 
intensity measured in the direction of the lines of force at 
the point where the experiment is made. It is difficult to 
make the experiment in this way, especially as the direction 
varies so frequently. The strength of the horizontal 
component is therefore experimentally determined, 
and the direction of the total force. These two ele- 
ments give the intensity and direction of the total 
"sj force ; for let h (Fig. 65) be tlie horizontal com- 
ponent, R the total intensity, and the dip, then 

R = -^ . . . (i) 
cos « ^ ' 

§ 5. In order to determine the efiect of any magnet upon 
another or upon an electric circuit, its moment, m = /« /, 
must be determined. Two experiments are sufficient to 
determine at once the moment m and the force h. The first 
of these gives the value of the product m h by an observa- 
tion of Uie directing force which the earth exerts on the 

magnet ; the second g^ves the ia.\!\o - \i>j ^xl ^^^ts^xxqq. oi 
the relative strength of ihe ma^eXk. %.^^^s. ^>\^ \.^ 'vii 
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t and to the earth. The following are the two 
ments: 

I L Let the magnet be hung so as to oscillate freely in a 
wctal plane round its centre of figure, being directed 
frthe horizontal component of the earth's magnetism. Let 
W moment of inertia of the magnet relatively to the axis 
and which it oscillates be called i.' The quantity i is 
sily calculable for any regular figure, and can, moreover, 
e directly determined by experiment Let the magnet now 
e allowed to oscillate freely, and let the number of com- 
cte or double oscillations per second be n ; then 

'i ' Applied Mechanics,' (g 59S) we have, equation (5), 
i , where Ml is Uie moment of ihe couple causing gyra- 

''°°. (iihesemiainplitudeofgyiition in angular measure. Let ua call F 
'hc_/if,-, of tte couple due to the magnetic field ; the arm of the couple 
^'U be i*|t, where 1. is the distance between the poles; hence 
'''1 «- i| L F ; but the moment of the couple due to magnetism when 
*'i^ magnet stanfis straight across Ihe magnetic field is M H, and the arm 
°^ the couple being then I, the force must be then »nd always . — -cF 
'""«'t=MaihenceM,=i",KH=l^ifliiiorMH-*^!l^. Q. E. D. 



. To obtain — , fix n s with its axis perpendicular t 



tU. 



'^ magnetic meridian, and observe the deflection which 
"■ Causes on a short magnet « s freely suspended so that 
^hen in the magnetic meridian the prolongation of its axis 
^'Sects N o s (Fig. 66). The deflection 9 of w s will depend on 
''« relative magnitudes of h and the field produced by n s. 

' Rankine's 'Applied Mechanics,' f 571. I have here taken 1 as 

?'l'*^ lo the vaigAt multiplied into the square of the radius of gj'ratjon, 

** 'owing Professor Rankine's example. Many writers deSne 1 as equal 

^ 'he mass multiplied into the square of the radius of gyration, and if 

'* value of I be nsed, the divisor g- in equation 2 must be cancelled. 
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Let r = ^ s = ^ N : then - -=. r* tan d . . . 

H 

Let m be the strength of the poles of the magnet N S; then 

which s will exert at <? on a unit south pole will be — . . 

direction 8 o ; the pole N will exert an equa 
the direction o c. Let o a and o c represe 
forces in magnitude and direction; then b o 
represent the magnitude and direction of 
of force of the magnetic field at o. We have 

«<;s : NS, orifL « N S; ^: T=r:L; 




L m 



M 



Let Ml be the moment of the little ma 
couple due to t tending to turn it out of the 

meridian will be Mi T cos 9 = — ^^ cos 

couple due to H tending to bring it b 
be Ml H sin ; and when one balances t 

Ml H sin a =r ^L^ cos a ; or — =» t^ ^ 

^ r» H CO 

= r* tan 0. 



Q. E. D. 



From equations (2) and (3) we have 

H = 2 ir « . / ^ 

^ ^ r^ tan 



and M ^ 2 ir « / I 



r^tan^ 



(4) 



(5) 



§ 6. By means of the single experiment last descril 
illustrated by Fig. dd^ the moment m of any permai 
temporary magnet can be readily deter mm ed if h be 
for from equation (3) we have m = r^ h tan 
sufficientiy constant throughout England, and from 
year, to give the value of m with sufficient accuracy f 
practical purposes. This method can be used for hor 
magnets or magnets of any shape if care be taken to 
the line joining the poles of this magnet, exactiy perper 
to the magnetic meridian To do this, suspend the 
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by Its centre of figure, and let it take up its position on the 4 
magnetic meridian. Then noting tliis position turn the 
magnet through exactly 90° and fix it there. 

§ 1. In order that the values in the above formula shculd 
be expressed in absolute raeasare, consistent with that 
hitherto adopted, we must be careful to measure 1 i 
timSlres and grammes. As an example, the i 
inertia of a rectangular prism of steel, two centimetres long, 
ind with a square section, each side of which measures 
1*0 millimetres, and weighing i'z48 grammes is 
1 — 1-248 — 5L_ = '00416, 
— ' is t!ie square of the radius of gyratior 

To convert the value of h found by the above formula | 
into grarames, divide by the value of g in centimetre: 
(981-431 Glasgow}. The mean horizontal component H ii 
England for 1S62 was q*i 75 (centimetres, grararaes, seconds) 
in absolute measure. If a free unit pole weighed one gramme, 
It would, under the action of the horizontal component of 
'he existing magnetism acquire a velocity of o'i75 centi- 
•nitres at the end of a second. To convert this value into I 
English absolute measure (grains, feet), we must muhiplyit by | 
"■69- 

5 8. The value of i for a given magnet or other suspended i 
mass of simple form can as above be calculated from J 
measurements of its figure and its specific gravity or weight; J 
but when the form is complex and the suspended mass of 1 
various materials, it is better to determine i experimentally J 
by comparison with a body of known moment of inertia I 
To do this, first observe the time of one complete or double I 
oscillation t of the magnet (directed by the earth's force I 
alone), and then add some weight of simple form with a I 
known moment of inertia ],, and observe die time /, inS 
which the compound body completes an oscillation ; then, il' 1 

' Rankiae's • Applied Mechanics,' § yA. ^M 
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n be the number of oscillations per second, / =s -. and wc 

have from equation (2) 

M H ,0 , M H , « 

or I : I + ii = /• : /i* j whence 

t = ^. . . (6) 

The method by which the value of t [or the line ^] was 
calculated in § 5 enables us to determine the intensity of the 
field at any point due to a magnet, so soon as the moment 11 
and length / are known. The action of each pole on a unit 

pole at the distance r will always be equal to -5- = -^ . : 

and by compounding the forces due to each pole we obtain 
the resultant in direction and intensity. 

The magnetic moments of two magnets of known mo- 
ments of inertia i and ii can be compared by means of their 
times of oscillation / and t^ in the same magnetic field ; 
it follows from equation (2) that 

^^ • ^1 = i • Jt • • • (7) 

Similarly, the horizontal intensity of two magnetic fields 

can be oompared by obsendng the times / and t^ required 

for a complete oscillation of any given magnet in the two 

fields : 

H : Hi = /i« : /2 . . . (8) 

In making this experiment, we must not assume the 
constancy of any given magnet even for two successive 
days. 

§ 9. In calculating the effects of a real magnet, we must 
never forget, that although we may experimentally deter- I 
mine the value of m /, we cannot really separate m fix)m l^ 
because we can never feeV ceila.m \kaX \k^ length / is equal 
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■c [he length of the magHet, or to any given fraction of it. 
; f the material were unifonnly magnetised, i.e. if it would 
imi a number of absolutely equal magnets when cut up 
Mioa numberof absolutely uniform pieces, then, indeed, t!ie 
!;agth/would be the exact length of the magnet. In any 
.ctual magnet the strength of magnetisation is found to fall 
r.tr" near the ends, and diis makes / shorter than the length 
Lif the magnet ; inoieover, the distribution of electricity is 
iuch that the magnetic field produced by it is different in 
many respects, from that which could be produced by poles. 



CHAPTER VIII. 



« 



ELECTRO-MAGNETIC MEASUREMENT. ACTION OF CURRENTS . 
ON CURRENTS AND ON MAGNETS. 

§ 1. The series of units described in Chapter V. would 
suffice for all electrical purposes, but they are not very well 
adapted for the calculation of the effect of electric currents 
upon one another, or upon magnets. 

We obtained the set of electrostatic units from a series of 
equations which did not involve the forces acting between 
currents and magnets ; starting from the measurement of 
these latter forces, we obtain a distinct system of units, 
which will be termed electro-magnetic units, from a series of 
equations which do not involve the forces of electrostatic 
repulsion and attraction. Electro-magnetic units are more 
commonly used in telegraphy than electrostatic units. In 
Chapter VI. § is a definition of the unit current was sug- 
gested, depending on the force with which a current acts on 
a magnetic pole. According to this definition, the unit 
cuncnt is such that every centimetre of its length acts with 
unit force on a unit magnetic pole at a distance of one cen ■ 
limfetre from all parts of the current To o'uUm lViw\M 
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condition the wire conveying the current must be bent in a 
circle, at the centre of which hangs the free magnetic pole. 
The force (/) exerted on the pole of a magnet in its 
neighbourhood is proportional to the magnetic strength (/«) 
of the pole of the magnet, and to the strength of the cur- 
rent c ; and if the conductor be at all points equi-distant 
from the pole, the force is proportional to the length 
of the conductor l. It is also inversely proportional to 
the square of the distance k of the pole from the conductor, 
and is affected by no other circumstances. Hence we have 

/=E^ ... (I) 

from which c = -^ — , giving the definition of the unit 

L m 

current stated above. 

§ 2. Let us use the capital letters Q, I, R, c, and s to, 

indicate the quantities in electro-magnetic measure whidi; 

were indicated by q^ /, r, c^ and s in electrostatic m< 

then, taking the unit of current as determined bf 

equation in § i, we have, from the equations t| 

I = -, R = — , and s = ^, a complete 

Q C I *^ ■ 

units bearing a definite ratio to *^ 
experiment it has been ^^ 
This numerical co^ "" 
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tile unit electromotive force. The unit current ii 
IT of unit resistance produces an effect eriuivalent to tl 
of work per second. T.astly, the unit current fiowin 
Lgh a conductor of unit length will exert tlie unit force o 
lit pole at a distance of one centim&tre. It is this lasd 
ition which is peculiar to the eledro-jnagneiie series. 

3, Let a veryshort magnet n s{¥\g. 67), say ^ inch in length J 

freely hung at the centre of a circular 

3 A, of considerable relative diameter, 
18 inches, and let the plane of the 
be placed in the magnetic meridian, 

™ the value c in electro-magnetic 

asiire of any current passing through z' | 
coil and deflecting the magnet V 

lugh the angle fl, is given by the fol- 

ing expression: 

C = ii^ tan 9 ... (z) 

re H is the horizontal component of the earth's magnetisni 

L is the length of the wire forming the coil. Al! dimeoi 

s must be in centimetres if h is measured in the uni^ 

ady adopted, 
from this equation we see that the current will be j 

ional to the tangent of the angle of deflection, and a 
fanoraeter of this construction is therefore calledatangent 

Boraeter ; moreover, knowing the value of h, we shall, 
tangent galvanometer, be able directly to measure 

nts in absolute measure, independently of any know- 

: of the magnetic moment of the needle employed, and 
ependently also of any peculiarity in the instrument used, 

anient so measured in Australia is therefore at once con^J 

'ble with a current measured in England. 

It resultant electro-magnetic force (/) excrlcd at ths centre 
Wcoilofnuiina*, by the current c, will by equation 1 be/ = 
wopoJes of 3 short magnet hung in the centre, mflv \\s 'nagotioaJ 
' iheplajie of the circular coW, will enperience en\io.\ aui wj^ " 
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forces, each equal to / «, where m is the strength of each pole of the 
magnet. If / be the distance separating these poles or forces (equl 
sensibly to the length of the magnet), then the magnet experiences what 

is termed a couple, the moment of which v&fml «■ 



k^ 



LetNS 



Fig. 68. 



be the plan of the magnet (Fig. 
68) as it hangs in the plane of 
the coil of wire, and let N^ s^ 
making an angle with N s, be 
any new position which it takes 
up under the influence of the 
current. Then, supposing the 
magnet to be smaU compared 
with the diameter of the coil, 
the poles remain sensibly at the 
centre ; the force f remains the 
same, but the perpendicular dis- 
tance Ni c between the poles on 
which the equal and opposite 
forces are exerted is now equal 
to / cos 0, and hence the couple 

is now cos d — — — . This couple is opposed by the directing couple 

At 

due to the earth's magnetism. Let us call H the horizontal component 
of the earth's magnetism at the place in question ; then the force due 
to its action on each pole will be H f^/ ; the perpendicular distance s^ c 
separating the two parallel forces will be / sin 0, and whole couple will 
therefore be sin 8 h fw / ; and when the magnet is in equilibrium, under 
the combined forces of the directing current and the earth's magnetism, 
we have 

cos fl — — « sin fl H »/ / ; whence 




cos L L 

§ ft. All the relations between force and currents of a given form and 
strength may be deduced mathematically from the following theory, 
due to Amp4re. i. The force with which two small lengths or elements 
of currents act upon each other is in the direction of the line joining the 
centres of these elements, and this force is inversely proportional to the 
square of the distance between the elements. 

2. Let there be two short wltes m n and tn^ n^ (Fig. 69), parallel to one 
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another, and perpendicular to the line d joining their centres. Let 
the current e flow through m n, and r, through w, «, ; then the force 
with which these two little elements of currents attract one another if 
flowing in the same direction or repel Fig. 69. 
one another if going in opposite direc- I ■ «t ■ M 



tions IS 



e c^ X m n x m^ity 



n 



n-. 



3. If the two short wires be placed as in Fig. 69^, so as to lie in the 
direction of the line d joining their centres, the force acting between 
them is half the above : it is a repulsion if 

the currents flow in the same direction, an Fig- 69«- 
attraction if they flow in opposite directions. — ^ — ^ 

4. If the two short wires be placed so as to 

be both perpendicular to the line d^ but so that mn'xs also perpendicular to 
iw, «„ as in Fig. 69^, then the currents neither attract nor repel one another. . 

5. If one element lies along d^ and the other is perpendicular to it, 
the currents neither attract nor repel one another. 

6. Let A B (Fig. 69^) be any short wire con- fig. 69^. 
veying any current ^ in any direction relatively ?* -^ **"• 

to the short wire A, Bj, conveying another I ^ 

current ^,. Let the line d join the centres of ^"^ 

A B and Ai Bj ; draw the line Xi in the direction of </ and draw^^ per- 
pendicular to Xi, and of such magnitude that the resultant of two forces 
^1 and Xx would be equal to the current ^1, and lie in the direction 
Ai Bi. On a similar plan draw y parallel to y^ and draw x and z, 
rectangular components such that if y^ x, and z were forces, their re- 

FiG. 6gc, 





sultant would be equal to c, and lie in the direction a b. Then 
the resultant action of the current in a b on the current in A^ B^, will 
be the sum of that of the three currents^, x, and z on the two currents 
y^ and Xi. We may observe that this reduces itself to the sum of the 
action of ^ on jr^, which we can calculate from 3. above added to the 
action of y on y^, which we can calculate from 2. above *, for i ^ 
inapenUire on j^j, j^ does Dot attract or repel *i» noi ^ws y ^ ^^^scw^ 
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or repel x. In dealing with wires of any considerable length, the 
action of each little element of one wire on all the elements of the other 
must be taken into account, and the results sunmied. This summation 
or integration gives the results detailed in the following paragraphs ; 
and these results, being confirmed by experiments on closed circuits, 
establish the truth of the theory as applied to closed circuits. 

It follows from the above theory, that the action of a small closed circuit 
at a distance is the same as that of a small magnet having its axis placed 
perpendicularly to the plane of the current, and having a moment equal 
to the product of the current into the area encompassed by the circuit ; 
thus, if the circuit be circular, the moment of the magnet wiU be c r i'. 
Let two small circles, with radii k and k^, be placed at a great distance 
D from one another, in such a manner that their planes are at right 
angles to each other and that the line D is in the intersection of the 
planes. Let an equal current c circulate in each of these conductors ; 
forces will act between them, tending to make their planes parallel and 
the direction of the currents opposite ; these forces will produce a 
couple, of which the moment will be 

If now, M, D*, IT k\ IT k^ be all made unity, this will give a value for the 
unit of current c, which will be the same as that founded on the action 
between a current and a magnet It also follows that the unit current 
enclosing a circle of unit area will produce the same couple on a magnet 
at a distance as would be produced by a small magnet of unit moment. 

§ 5. We found one means of measuring the strength of a 
current by comparing the magnetic field it produced with 
the horizontal component of the earth's magnetism h. We 
may determine or measure the strength of a current in the 
same units by measuring the action between different parts 
of the current itself as determined by Ampere's theory. 

Let a coil ofwire a be hung inside a larger coil b (Fig. 70), 
and so directed by means of its suspension that, when no cur- 
rents pass through the two coils, the plane of a is perpendicu- 
lar to that of B. When one and the same current is allowed 
to flow simultaneously through a and b, they experience a 
deviating couple proportional to c^, and depending for its 
absolute value on the value of the diameters k and k^ of 
A and B, and on the number of turns v and Vi in these 



j 
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of the coil B be so turned that, when th( 
he plane of a lies at right angles 
idian, then the only 
lie tending to bring a back into ' ^ 

iis original position will be that due 
'" lis suspension. Then calling the 
•inflection or angle between the 
i-i^nes of the coils B, expressed ii 
measure, we have 




'^/''£^ ■ 



. (4) 




■here a is a constant, varying in 
different instruments, but which for 
■'"y one instrument can be found experimentally or dete* 
'nined once for all by the maker. This method was £ 
f'i'ployed by Weber, and the instrument is called Webcr'jJ 
t- 1 ectro-Dy n amo ra eter. 

Let us call the directing couple o and the deviating couple M. 
'"e coil A is in equilibrium, M = G. The value of G depends i 
"'■^e of suspension ; if it be by a single wire, the torsion Tiries ! 
'^^ ^l»e angle of deflection fl, or 

°-" ■ • ■ I" 

" "ere u stands for the expression 



, 4^"! 



T-- 4 ^ ' 



(6| 



^ *hich the sevenJ letters have the same meaning as in Chapter V 
" ; 1 being novf ihe moment of inertia of the suspended coil ii 
't^ suspended magnet, and l, Ihe moment of inertia of a mass c 

'^■Tn added to determine experimentally the value of I. 
The value of the deflecting couple is given by the equalton 



(fl 



''Wins of the large coi 



etemiined by Ampere's theory. I^el * 1 

, kj the radius of the small coil A. Let . 

"le distance from the centre of coil A to the periphery of coll B ; i, 

iCoUshare a common vertical axis ; let Vbe the number ol 

}f turns in the small coil, then 
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Since m a g from equations (7) and (5) we have 

c 



-yi 







cos 6 



• • • 



(9) 



The values of /3 and /& are evidently constant for any one instnunent 
If the suspension is bifilar, equations (5) and (6) must be modified ; 

we then have 

G := ttsin . . . (10) 
and 



tt = 



4ir*I, 



^^t^^o-^ 



(II) 



where w-^ is the weight of the added mass and w the weight of the 
coil A. 
Then from equations (10) and (7) we have 



C = /-^tane 



I 
M 



(12) 



for both cases, where B is small, 







being in circular measure. 

§ 6. The following is another method, due to F. Kohl- 
rausch, of measuring currents in absolute measure by means 
of a tangent galvanometer and a single coil suspended by 
two wires. 



Fig. 71. 




Let a co\\ a (Fig. 71) of ^ ladms a.rvd n turns be hung by 
a biGlax suspension, with \ls pVsirv^ ^^x^iJ^^ \g '^^ ^^^siR. ^ 



Chai". Vlll.) Eleclro-mag^leik Mmmnmait. 

of die magnetic meridian. Observe the deflection 
ducetl in this coil by the current c and the simultaneous 
deflection 0, produced by the same current on the needle 
[>f a tangent galvanometer b of radius ^|, then 



1 

pro-"^ 



Vr 



- tan e . tan H, . , , (13) 

The coil A, when the cnrreat c flows through It, is equivalen 
magnet of ihe moment Cmi k'', and calling H the horizoola] 
ponenl of the enrth's magnetism, the couple experienced by the D 
when deflecled through the angle 6 will beHCnirPco! ~ 

ig conple due to the bililat suspension is m sin 0. He 
s the other. 



and C = !i— ~ tan fl . 

|,rhe value ot fi can be found as by L 
1 alone we might find C in term 
£ 0j the deflectioa produced by the sar 
it galvanometer of radius f „ 



section. From this 
; but we have also. 
:nt c passing through 



!, ehminating H, wc have equation (14} as given above (eliminating 
e might find H from the same equations). It should be observed 
(* is more slrictljr the sum of the areas enclosed by the turns 
it diameter of wiiich the coil is composed. 
^5 1. Let a current traverse two wires in succession, each 
s to enclose a circle of the radius k. Let these 
res be hung in parallel planes at the distance a, with their 
[litres in the same axis. Then, if the current be sent 
ind the wires in the same direction, they will attract one 
botiier; if in the opposite direction, they will repel one 
Bther with a force 



F= 477 



(15) 



r two coils, each containing n turns, be thus hung, tlia 
Force with which they attract or repel each other will be 

■ ■ w 
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hence, knowing. the current, we can determine the force, or, 
weighing the force, can measure the current 

By placing two fixed parallel coils, a and b, opposite each 
other, as in Fig. 72, and passing a current round them in 

opposite directions, we 
obtain a sensibly uni- 
form field of magnetic 
force between the flat 
coils. If a third flat coil D 
be hung between them it 
will be attracted by one 
and repelled by the other, 
and a good electro-dy- 
namometer may be con- 
structed on this principle. 
The actual value of the 
current corresponding to a given couple experienced by the 
suspending wires c and/, indicated by the torsion of a wire, 
is experimentally determined once for all by comparison with 
a standard instrument A second suspended flat coil Dj is 
required to make the system independent of the earth's 
magnetism, and this coil d, may advantageously be placed 

between two more fixed flat coils 
arranged so as to double the couple 
experienced by the suspended system. 

§ 8. The intensity of the magnetic field 
produced by a circle at any point B on an axis 
perpendicular to the plane of the circle is 
given by the following formula : 

Let A c (Fig. 73), the radius of the circular 
conductor, be = k. Let c « the current- 
Let A B =» x. I.et F *= the intensity of 
the field. 

At A, (he centre of the coil, the mt.ensi.Vj \s 

k 



Fig. 73. 




B 
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Liet an insulated wire be wound round a cylinder of the length 2 /, 
forming a spiral. X«t the distance of the point M (Fig. 74) from the 

Fia 74. 




% • 

.; i. 




nearest end of the cylinder ^ is.0 ^ a. If the point were inside the 
spiral, a would be affected with the negative sign. 

Let the line joining an element of a spiral with m » «. 

Let the number of turns be n, then the intensity of the magnetic field 

at M is 

_^ C IT » / a + 2/ __ fl \ 

^ \ ^/ >6« + (fl + 2 /)2 VW+^f 

Let the angle A M o — 4^, and the angle b m o » ^1 ; then 

T « — — (cos 4^ — 4fi). 

This applies to inside as well as outside, remembering that cos f 1 
will be n^ative inside the spiral, so that we have virtually cos t^ 
+ cos 4^1. 

The force is at a maximum in the centre. 

Call the diagonal of the spiral 2d; then the intensity of the magnetic 

field at the centre will be 

_ 2Cxn 

If the length of the spiral be 40 times its diameter, the intensity of 
the magnetic field does not vary by one per cent, throughout J of its 
length, and not 'i per cent, throughout -^^ of its length. 

§ 9. A long spiral of insulated wire of small diameter 
relatively to its length is commonly called a solenoid, 
although, strictly speaking, this name applies only to a series 
of perfectly parallel and equal rings all perpendicular to a 
common axis and in all of which an equal current is flow- 
ing. The material representation of the solenoid differs 
experimentally little from its hypothetical type. N^^VvaN^ 
seen that a current flowing round a cvrc\e ot a ^m<^% o^ 
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circles in one plane acted upon a magnetic pole or upon an 
electric current at a distance as if it were a short magnet of 
the moment cmr k^^ where n is the number of turns. 

If a solenoid beginning at a were very far prolonged 

towards b, it would act on all points 

^^ within a finite distance of a, as if at a 

^tSSWSWSSKSffttU^ there was a magnetic pole of the strength 

Q n TT k^y in which n is the number of 
turns in the solenoid 'per centimttre. 

An actual solenoid acts as if two such endless solenoids 
were superposed, having the same current flowing through 
them in opposite directions j one beginning at a and the 
other at b. Then we should have one north pole, say at a, 
and one south pole at b, and all the rest of the turns 
cancel one another; hence the magnetic moment of 
the solenoid is c « tt ^^2 l^ where l is its length. 

If keeping the actual number of turns constant we 
shorten the length l, we increase n just as we diminish l, 
so that the moment does not vary. 

Imagine a watch hung in a solenoid in such a position 
that the current circulates with the hands of the watch. 
Then the south pole will be at the end towards which the 
face of the watch is turned. 

§ 10. If a magnet be hung with its north pole downwards 
over the centre of a vertical solenoid in which the current 
is circulating in the direction of the hands of a watch 
(looking at spiral and watch from above), then the north 
pole will be attracted when outside the solenoid, as if by 
a south pole ; it will continue to be sucked into the solenoid, 
even after entering in it, although the force with which it 
is pulled down will diminish. The south pole of the 
magnet is repelled upwards, but with less force than the 
north pole is sucked downwards. When the centre of the 
magnet has reached the centre of the solenoid, the magnet 
will be in equilibrium so far as magnetic forces are con- 
cerned; if allowed to fall further, the magnetic forces will 
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resist the motion, and if the current be powerfu! enough, 
tliese forces will carry the weight of the magnet and prevent 
i[ from falling further. 

Feilitsch made the following experiment, showing how 
the force diminishes, using a magnet lo'i centimetres 
long, Z-03 centimetres diameter, weighing 23'67S grammes, 
and a spiral or solenoid of ia6 turns, 29-5 centimetres long, 
and i2'9 centimfetres internal circumference. The following 
table gives the distances a of the centre of the magnet from 
llie centre of the spiral, and g the force in milligrammes ; 

-. 187 I 167 I U'T 1127 I 107 I 87 I 67 I 47 I J7 I '07 I- -I J 
/. 190 I jSj 1493 I 474 1 313 I I '5 lj2 I iS I II ] 3 | - i 

The poles of the magnet when in equihbiium msjde the 
solenoid are placed relatively to the spiral, as if the spiral 
had magnetised a piece of soft iron of the same lengtli. Soft 
iron is therefore drawn in just as the magnet would be, and 
the north pole of the soft hon corresponds to the north pole 
of the solenoid. 

§ 11. A hollow magnet does not in this respect resemble 
a solenoid. 

If the north pole of a magnet Awere introduced into the 
interior of a hollow magnet b at its south pole, a would be 
repelled from b after it had penetrated to a very short 
distance ; and if a rod of soft iron was placed inside a hollow 
steel magnet, the north pole of the magnet would induce a 
south pole in the end of the iron next it. 

This experiment proves conclusively that we cannot re- 
gard a magnet as simply produced by a series of current! 
circulating round its exterior periphery; but 
it agrees with the hypothesis that the 
magnet consists of an immense number of O^ 
little solenoids lying side by side. In fact, O 
conceive a number of such solenoids, side O 
by side, the end views of which are shown, CP .-, 
as in Fig. 76, with the current l!owing in '"-' *- 

the direction shown by the arrows, then all the elernents* 



^OE 
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each little circuit inside the ring would move in the direc- 
tion followed by the hands of a watch ; all the elemer»ts 
outside would move in the opposite direction. On a point 
at y the former would be most powerful ; on a point at jt, 
the latter; the radial currents counteract one another, for 
there are as many in one direction as in the other. 

§ 12. For general purposes, we may regard a solenoid as 
equivalent to a magnet, so far as regards all points outside 
of the cylinder ; the effect of introducing soft iron into tJie 
interior of the cylinder is to make the field of force outside 
, the cylinder, more intense. It may thus become as much, as 
r. about 32-8 times more intense than before. The directi<3ti 
' of the lines of force is very liltiD altered. Fig. 77 sho^w 




roughly the field of force due to a solenoid, Fig. 78, the fiet^' 
of force after asoft iron wire has been introduced. The so^^ 
I iron wire concentrates the lines of force near the pole^ '^ 
■ and thus over a limited space enables the current passin^^* 
■through the solenoid to prodiice very powerful effects ; i^^* 
■action in this respect is somewhat analogous to that of 
* lens used to concentrate light on a spot where illuminaui 
action is required. 
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CHAPTER IX. 



UEASDREMENT OF ELECTRO-MAGNETIC INDUCTION. 



1 



■ I- Adesckiption of the principal phenomena of magnetic 

Tiiiiciion has already been given, and we will now con- 

f how lo estimate nmnerically the effects produced 

Mer various circumstances. 

m£lidro ma^dk force. — When the intensity of a given roag- 

Hie field produced by a magnet or by electrical currents, 

1* been determined, the induced current produced in a con- 

"•ctor moving in that field is easily determined. Every part 

" the conductor moving in a field and conveying a current 

gidiiced or not) is acted upon by a force perpendicular to 

? plane passing through its own direction and the lines of 

pietic force in the field. This force is equal to the 

pduct of the length of the conductor into the strength of 

^e current in electro-magnetic measure, the intensity of the 

J^^gnetic field, and the sine of the angle j,,^ ,^ 

^6t\veen the hnes offeree and the direc- 

^"^n of the current. Thus, if A B {Fig. 

'9) be the element of the conductor, . 

^^<i the lines of force be in the plane 

'^f the paper as dotted, then the direc- 

^'on of the force due to the field and 

'^'trent is perpendicular to the plane of « " 

">e paper. Let the intensity of the magnetic field = t, 
fe strength of the current in a b = c, the angle a b c = o, 
H/"= the force. 

en /= TC X ab sin a . . , (i) 

e force is exactly the same as if the conductor, instead 
I being of the length and in the direction a b, were really 
\&ie length and in the direction AC. Let x-a lij\.^,^<i^ 
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Fig. 8a 



\U 



K 




represent a piece of the conductor in which a current c is 

flowing from a to b. Let d 
be the direction of the lines of 
magnetic force so that a mag- 
net N s would place itself in the . 
field as shown in the figure. 
The force/ eiqperienced by the 
conductor will tend to lift it 
perpendicularly to the plane 
ADD. Let FO represent in 
magnitude and directioQ the 
current c and d o the magni- 
tude and direction of the intensity of the magnetic field, 
then / per unit of length = tc sin a, but c sin o = the 
perpendicular distance from e f to o D and t » d o ; hence 
the area of the parallelogram e f o d =/per unit of length. 
A current flowing from west to east is lifted by the earth's 
magnetism. The following is a rule by which to remember 
which way the magnetism of any field would impel any cur- 
rent. Place a corkscrew perpendicular to the plane e f o d 
and turn it, as shown by the arrow s, from the direction of 
the current to the direction in which the north end of the 
compass needle would point,' the screw will then move in 
the direction of the force. 

§ 2. Electromotive force, — If the conductor a b is moved 
along the plane in which o f e d lies, its motion is perpen- 
dicular to the forces acting upon it, and no work is done 
either by or upon a b. When this is the case no induced 
current can be produced in a b, either in augmentation or 
diminution of the original currents, for no work is done by 
the motion or required to produce the motion ; a current 
can only be increased by the exertion of energy upon it, and 
diminished by expending its energy. 

15 however, the conductor moves in the direction oh 
(Fig. 80), or across the dotted lines in a direction perpen- 

' I.e. considering o as the centre \YiB\va.tv<i\e viQisii^\»rGL^x^ss&L\2D&li]ie 
o B to the line o Nj. 
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liar to the paper (Fi^, 79), the motion is either helped J 
the force or opposed by it. To move the conductor I 

isl the force, we mvist do work. The measure of this 1 
is the product of the force into the distance moved.l 

i5t it. ]f the conductor tnoves obliquely aci 

offeree it is resisted with a force proportional to that 1 
iponent of the motion which is perpendicular to the lineal 
itce, and the work done is equal to the force raultiplie' 

this perpendicular distance. 

he work done on the conductor is found by observation 1 

E represented by an increment or diminution in the c 

Sowing through that conductor ; now the work done 
a current is by definition equal to e q = e c /, where 

the electromotive force acting between the ends of the . 
luclor. 

a unit length of the conductor be moved a distance l J 
S3 the lines of magnetic force in a field of intensity h,J 
work done will be/L = c h l : hence, as the work doneS 
the current must be equal to the work expended \a\ 

ig the conductor, we have e c / = c h l 

— is the velocity with which the conductor is movmg»J 

hat ihe electromotive force per unit of length is equal tcti 
intensity of the magnedc field multiplied into the velo»l 
of the motion. 

his law still holds good if the motion be oblique to the I 
g of force, provided l be the component of the motion 1 
aidicular to those lines ; and if the conductor a b \ 
^Iso oblique to the lines of force, the unit length must b^l 
»ne3sured perpendicular to those lines of force. Thus, lecl 
the direction of the lines of force in a magnetic field be J 
represented by 0O| ; let (Fig. 81) «* be perpendicular to oo, , 
in the plane A o o,, let a a and b b be perpendiculars let fe.tt k 
&oia A and B on the line ab, and let ab 'bt mQvti. \ 
tof^*'"' •*' »" ^o that Po„ i)erpendicn\a.T to 
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*00i, represents jhe distance a b has moved acto 
lines of force ; then the e. m. f. due to the motion v 




II Observe that the unit electromotive force will be proa 
[ rod of unit length moving with unit velocity across a 
ptit intensity. 
|- § 3. Let there be two fixed rails c D and e f (Fig. 
(plane perpendicular to the lines of magnetic force o( 
he bars a b and i k, perpendicular to the lines of m; 
iOrce, complete a dosed circuit a b i k, round which a i 
might circulate. Then if ab be moved downward 
the velocity v, the electromotive force due to inductii 
be H X AC X V; but this product is equal to the r 
of lines of magnetic force subtracted from the area 
closed circuit per unit of time ; hence, calling this nur 

we find that the e. m. f. = -. The direction of the ■ 

produced by this e. m. f. would be such as to oppt 
motion, i.e. from u to a. If \ k were moved at th( 
rate in the same direction there would be an equal e, i 
it. tend'iDg equally to produce a, current ftom i to k, a 
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would balance the e. m. t. in a b, so that no current would 

Sow. In this case the motion of i k would add just as many 

'ines of force to those crossing the area a b c d as the motion 

A B would subtract, so that the total number n added or 

fcwiblracted would be nil, and the electromotive force on the 

P'hole would also be nil. 

I K moves fastest, its electromotive force would be 
^test, and the difference between the e. m, f. in i k and in 
Rs Would be equal to - ' ~ — , calling Ni the number of lines 

'^'^t by I K during its motion ; the current would then run 
round the parallelogram from i to K B A. Similarly, if a b 

■noved fastest there would be a resultant e. m. f. = ' ^ ~ ^' 

^^nding a current from a to e k i. Hence in both cases the 
^' M. F. in the current would be equal to the number of hnes 
''f magnetic force added to or subtracted from the area per 
Second. Now it follows from the principles developed in the 
previous paragraph that this is true not only of this simple 

^3se but of all cases whatever. Let the circuit be of any 

shape whatsoever and moved in any direction, the e. m. f. 

'ending to send a current round the circuit due to motion 

"1 a magnetic field will be -. 

§ 1 An apparatus for showing the phenomena or in- 
'iuction with a fixed pair of rails would be extremely difficult 
lo construct ; the motion could not be continued for any 
'^Dgtli of time, and the resistance in the ^^^ ,_ 

circuit would vary at each moment, as 
™^ starionary portion was shortened 
°'' lengthened during tlie motion of the 
^- Let a dosed circuit (Fig. 83) r 
"* 3 uniform magnetic field, and for sim- 
Pucity sake let us suppose the field uni- 
'^i the circuit circular, and the a-xis 
'^^KPendiciihr to the direclion of the \\nes o^ TOa^v^eis^ 
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force. Let the rotation be in the direction of the hands 
of a watch held with its face upwards ; let the directioti 
of the lines of magnetic force be perpendicular to the 
plane of the paper, and such that a north pole would 
be impelled from the spectator down through the paper. 
Consider the short elements a b and c d, which are sen 
sibly parallel to the axis and perpendicular to the lines 
of magnetic force. AVhen these are just crossing the 
plane of the paper they are moving in the direction of 
the lines of magnetic force, and a current in them would 
neither be assisted nor resisted \ but when the circle hjis 
made a quarter of a turn they are crossing the lines of 
force at right angles. If the current in a b is descending, 
the motion of ab will be resisted by the lines of force, for 
a descending current in a b would impel a north pole in 
front of the paper from right to left, and would therefore 
itself be repelled from left to right. (The north pole must 
be in front of the paper to give lines of force which would 
repel a free north pole from the spectator to the paper.) 
Hence while a b crosses the lines of force an e. m. f. is 
produced in it, tending to send a current downwards. The 
same is true of each element in all the semicircle m ABN,the 
E. M. F. diminishing in each element proportionately to the 
sine of the angle between the element and the lines of 
force. Next, consider the element cd. This is simul- 
taneously crossing the same lines of force in the opposite 
direction. This motion would be resisted by an upward 
current ; hence the electromotive force in the semicircle 
N D c M will be from n towards m or upwards through this 
half of the circle. 

Thus in both halves of the circle the e. m. f. tends to 
produce a current moving from m to a b, n, d c, and back 
to M. 

This electromotive force will evidently be strongest at 

all points of the circle when this is crossing the lines of 

force at right angles, i.e. wX^et^ )L\i^ ^\axv^ q»1 ^^ ^^^ >&ui 
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on of the lines of force. It will begin feebly as 
in its rotation leaves the position sketched and 
IS shown by the arrow, for at first tiie inclination 
ction of each element to the lines of force will be 
i again, after reaching its maximum, this inclination 
until it becomes nil after half a turn has been 
uring the next half-turn, while m a e n is behind 
the E. M. F. will tend to send current up from A to 
ba; the direction of the current will therefore, 
s half-turn, be reversed in the material circuit. 
o a fixed exterior point, the current is, however, 
one direction, though varying from zero to a 
at every half-revolution. The circuit might evi- 
not a single circle but a coil of wire. The e. m. f. 
ease with the length of the coil. If, however, the 
tance be that of the coil, the current will be 
ft'hatever number of turns were taken, for the 
will increase in the same proportion as the elec- 
force. If some exterior constant resistance be 
with the coil, by sliding contacts near the 
current will be larger with many than with 

ino difficulty in calculating the exact electromotive 
to a coil of any given shape rotating in any mag- 
I, except the mathematical difficulty of summing 
ferent e. m. f. in all the different elements of the 
ch moment, or, what comes to the same thing, 
Qg the value of n during the morion. 
w clear that the electromotive force produced by 
n of a closed circuit in a magnetic field of known 
a.n be expressed in terms of that intensity and of 
ily ; this measurement gives the value of the e. m. f. 
le electromagnetic measure. We have also seen 
neasure the value of any current c in the same 
ind since r = _ in any circuit, ttit icsatasitR ^ 
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of that circuit can be experimentally determined by measur 
ing the values of e and c When the resistance of a single 
circuit has been thus ascertained, a material standard coil 
equal to some multiple of the absolute unit can be prepared 
by comparison with this experimental circuit When this 
has been done once for all, the resistance of other conductois 
can be easily determined by comparison with this standaid 
The following statements describe the experiments by whid 
such a standard has been prepared. 

§ 5. Let us consider a circular coil of radius K rotating with an 
angular velocity A in a field of the intensity H. Then during each half- 
revolution the number N, equal to t k* h, Mrill be alternately added and 
subtracted. Every addition and subtraction tends to send a current in 
the same direction relatively to an external point. Let xt be the number 

of turns per second, then n » — , and the total number of lines of force 

2ir 

•added and subtracted per second will be 4 t k'h x — a 2 A K'H. 

2T 

The £. M. F. due to this will be 2 A K^H, and the equivalent current 

2 A K'H 

produced , where R is the resistance of the circuit. If there be 

m turns the length of the wire in the coil L « ztrVLntf and the area 

enclosed = ir Yi^m = — . The number of lines added per second ex- 

2 '^ 

pressed in this manner will be and the current =• . This 

current may be measured on a stationary electrodynamometer or gal- 
vanometer, and when it has been thus measured in absolute measure 
the only remaining unknown quantity is R. 

§ 6. The determination of R by this method requires a knowledge 
of the intensity of the magnetic field H, and a contemporaneous measure- 
ment of the absolute value of a current. 

These two observations can be dispensed with by hanging, accord- 
ing to Sir William Thomson's method, a small magnet in the centre of 
the rotating coil and observing its deflection. The induced currents 
will all deflect this magnet in the direction of the rotation of the coil j 
the couple exerted on a magnetic needle of the moment m /, when 

deflected to the angle d, will be L_^il m I cos d. The equal and 




^ 
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iple exerted by llie earth's nidgiiellsm will be K ml sin d ; 



simple expression for the resistance of the circuit in 

pliile measure in terms of known and simple magnitudes. In jirac- 

Y mildng the experiment several corrections have to be introduced, 

~ the inductive effects of the magQet on the coil. The experiment 

t Carefully carried out by a. committee of the British Association, and 

" of a certain standard determined in this way serves 

^lermine the absolute resistance of any other cirCuiL 

7. When the induction takes place, not in consequence 

a wire in a magnetic field, but in con- 

of the sudden creation of a magnetic field, as 

t neighbouring current is suddenly commenced, the 

\ efect is exactly as if the wire had been suddenly moved 

"Una an infinite distance to its actual position on the new 

"i^gnetic field. The electromotive force is in this case also 

e(i.Ual to --, where N is the additional number of lines of 

""^.gnetic force introduced into the circuit in the time /; 
*hen the induction takes place in consequence of the cessa- 
'iQti of a current, the electromotive force is in the opposite 
''Tection, and is equal to - ; where n is the number of lines 

^'Ihdrawn. If/ be made very small, the e. m. f. tending to 
{"■Qduce an induced current may be indefinitely increased ; 
^^d similarly if a current can be made to reach its full strenglli 
"^ a very short time, it will produce an e. m. f. in a wire close 
•Reside it much greater than that required to prodtice the 
"^^'ginal current. The wire in which the inducing current 
*^'J"«mlates, is often called the primary wire; the one in 
^''tkich the current is induced is called the secondary wire. 
§ 8. In order to determine the electtomaVwt feitt 

t -. 
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produced in a secondary circuit by the commencement or 
cessation of a current c in a primary circuit, we require to 
calculate the number n of lines of force produced, cutting 
the surface inclosed by the secondary circuit (Of course 
lines of force going in opposite directions through the 
surface must be reckoned positive and negative, and their 
addition made accoixlingly.) This number n divided by / 
gives the electromotive force. It is extremely difficult to 
determine /, for no current .begins instantaneously, and the 
laws of its increase are extremely complex. The fact that 
the current is employed to induce a current or currents in 
secondary conductors, increases /. The statical induction, 
when sensible, increases /, and magnetisation due to 
currents increases /. The actual determination of the 
E. M. F. in any secondary circuit will not be here attempted, 
but the notions given serve to show how we may increase 
or diminish this e. m. f. in designing inductive apparatus. 

§ 9. I have now shown how, theoretically, resistance, elec- 
tromotive force, and currents can all be measured in abso- 
lute electro-magnetic measure. Quantity can be measured 
either by observing the total current which it produces 
when flowing away, for which purpose a simple method 
will hereafter be given, depending on the use of galvano- 
meters, or it may be measured by observing its electro- 
static effects, and being then known in electrostatic measure, 
it may be converted into electro-magnetic measure by mul- 
tiplication into the constant 28,225,000,000. Capacity is 
obtained by observing the quantity which the given con- 
ductor contains when electrified to a potential e. Theo- 
retically, therefore, we may be said, while stud)dng the laws of 
electro-magnetic induction, to have discovered how it is pos- 
sible to measure all electrical magnitudes in this series of 
units. The practical methods adopted will be described 
hereafter. 

§ 10. The examples given of the modes of calculating 
induced currents in the two simple e2L«»^s of a straight bar 
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moving across a uniform field, and a circular coil rotating 

ia such a field, serve to show how all similar problems must 

be attacked. The exact solution of them requires niathe- 

fflaiical analysis of the highest kind ; but correct views of 

the general nature of the effects to be expected are very 

ladily obtained from the general elementary propositions 

now laid down. Thus it is easy to examine whether the 

Electromotive force in some parts of the circuit is acting in 

a direction opposed lo that in others ; if so, it is easy to see 

Ihat to reduce the opposing action we must reduce tlie 

(Velocity of those parts, and place them in the weakest poi- 

J>n of the magnetic field, while the efficient portions of the 

it must be placed in the strongest portions of the field, 

made to move with the greatest velocity. The best 

rection of motion is also easily ascertained. The general 

Peel of adding to the length of the wire or coil ia which 

Quction is taking place is also easily perceived, and the 

Kect of making the coil of materials which have but Uttle 

ctrical resistance. Increasing the thickness of the wiie 

ts not at all increase the electromotive force, but inas- 

it diminishes the resistance, a thick and short wire 

Py give a very considerable current, if outside the moving 

■SI there be no considerable additional resistance to over- 

But if we desire a considerable or even sensible 

'-^'TTent through an external wire of great length, or of great 

^^sistance, then our inducing coil must be long in order to 

Eiye great e. m. f., and in such a case its internal resistance 

"'ill not greatly diminish the current, because it will not 

S»"eatly increase the resistance of the whole circuit. If cur- 

•^^ilts of very short duration are required, we may move oui 

■^oil or wire rapidly across a magnetic field of small size but 

St'eat intensity, whereas if a current of longer duration is 

'^quired, the motion must be prolonged, and it will be neces- 

^*ry to have a large magnetic field. 
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CHAPTER X. 

UNITS ADOPTED IN PRACTICE. 

§ L In the last chapter I have described the maimer in 
which the strength of a current may be measured in electro- 
magnetic measure. The method, although not offeriDg any 
extreme difficulty, is yet too complex for continual use, 
and currents will certainly not be commonly expressed in 
this manner, until electrodynamometers are habitually sold 
of such construction that by simply multiplying the observed 
deflection into a constant number, the strength of the 
current is obtained. 

The direct measurements of electromotive force and of 
resistance in the same series of units are still more com- 
plex. It is unnecessary that each electromotive force or 
resistance should be directly measured in absolute measure 
by these complicated methods. A standard of electrical 
resistance approximately equal to one thousand millions 
of absolute units of resistance (centimetre, gramme, second) 
has been prepared by a committee of the British Associa- 
tion. This standard is an actual wire of the required re- 
sistance. The measurement of any other resistance x 
in absolute measure consists, therefore, in a comparison 
of X with this standard or a copy. The process in this 
case is the same as that of measuring length in metres. 
Theoretically the measurement of a length x in mbtres 
means the comparison of x with a certain diameter of the 
earth; practically it means the comparison of x with a 
measure authorized by Government to be called a m^tre. 

§ 2. The standard of resistance has been called an ohm^ 
and is now in common use. 

Gauges of electromotive force ought for similar reasons to 

be issued, and might be of various forms. Thus the gauge 

might indicate a given diffeteiice o^ ^o\.^x\t\al in virtue of the 
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taction which two opposed plates exert on one another, 
", even more roughly, in terras of the distance at which 
>arks pass across air between two given balls. There can 
e no doubt that within a few years gauges of this kind 
ill be issued witli the same authoritative stamp as attaches 
> the ohm. Meanwhile electromotive force or difference 
f potential is often expressed in terms of the electro- ■ 
lodve force produced by the special form of voltaic 
attery known as the Daniell's cell. The e. m. f. of this 
ell is about 100,000,000 absolute units, centimetre, gramme, 
econd, and Is fairly uniform. A much better standard of 
lectromotive force is the cell introduced by Mr Latimer 
-lark, and described by him as follows, (Proceedings R. S. 
fo. 136, 1872) : 'The battery is composed of pure mercury 
* the negative element, the mercury being covered by a 
iste made by boiling mercurous sulphate in a thoroughly 
'turated solution of zinc sulphate, the positive element 
'Qsisting of pure zinc resting on the paste.' ' Contact with 
c mercury may be made by means of a platinum wire.' 
f he element is not intended for the production of currents, 
r it falls immediately in force if allowed to work on short 
fcuit. It is intended to be used only as a standard of 
sctromotive force witii which other elements can be com- 
bed by the use of the electrometer, or condenser, or other 
eans not requiring the use of a prolonged current.' The 
-ctromotive force of this cell is, in electro- magnetic units, 
157x10" (centimetre, gramme, second), or i'457Xio" 
'eire, gramme, second). There is already a unit of 
-ctromotive force in practical use called a volt. The volt is 
tended to represent 10* absolute units, centimfetre, gramme, 
coad ; the e. M. f. of Latimer Clark's cell is i'457 volt 
The capacity of a given conductor can be determined in 
'Solute measure with less trouble than either the electro- 
Olive force or the resistance, and condensers of the 
•proximate capacity of iQ.BB,m,DmjiM or 10-" absolute units, 
\r\ called fni,rro/arads, are in common uac. 
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§ 3. We thus find that in ordinary electrical measure- 
ments, even when we require to calculate the relations 
between forces, wo.rk, or heat and electrical magnitudes, »e 
need only compare these electrical magnitudes with known 
standards, these standards having been chosen with 
distinct reference to the units of force and work. To ihe 
ordinary electrician it is therefore much more importmt to 
know how to compare accurately one resistance with an- 
other, one current with another, and so forth, than to be 
able to determine resistances or currents in absolute mea- 
sure. Indeed, when an electrician is said to measure a 
current or a resistance, it is this comparison with a re- 
cognised unit, which is in all cases understood. Tlie 
unit employed is important only so far as it is widely 
adopted and allows a more or less ready application "' 
the measurement in formula;, involving other electrical 
magnitudes. The series of units most generally adopted m 
Great Britain have received distinctive names, and are all 
based on the absolute system. They are, however, >" 
multiples or submultiples of the absolute units, which a^ 
themselves of inconvenient magnitudes. 

§ 4. The unit of resistance is termed an ohm and = ^^ 
absolute units {centirafetre, gramme, second). 

The unit of electromotive force is termed a volt ^ *" 
absolute units. 

The unit of capacity is termed a farad = — ^absolute a '^"" 

The unit of quantity is that which will be conlained- '" 
one farad when electrified to the potential of one vc^"' 
it has no distinctive name, and may be called a fa,«^ 
also.' This unit of quantity = ,15 absolute unit. X*^' 
absolute units referred to throughout are those based on ^"^ 
centimetre, gramme, and second. There is a strong obj ^^ 
tion to the use of the words absolute unit, inasmuch as tl*^ 
do not indicate the series of fundamental units on whi*^ 
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erived unit is based. The volt, farad, and ohm are 
fefrom this ambiguity. 

The unit of current is one farad per second; it is one- ' 
\ of the absolute unit of current, and is frequently 

dfbr brevity a farad, just as in speaking of velodty j 

1 speak of a velocity of loo feet, the words per | 

in being understood. I 

■j6. Inasmuch as the electrician deals with magnitudes I 

Jiflering in greatness very widely from one another, it is I 

convenient to use multiples and submultiples of the above J 

' % each having its appropriate name. J 

The megavolt = one million volts. ■ 

megafarad = „ farads. I 

megohm — ,, ohms. 1 

arly, 1 

The microvolt = one millionth of a volL I 
„ microfarad ^ „ ,, farad. 
„ microhm ^ „ of an ohm. 
lie following table (p. i6z) gives the value of each unit 

^three systems of absolute units, in which the mfctre, I 
^ntimfetre, and millimetre, and in a fourth in which the milli- 

'ammeis substituted for the gramme, are respectively made ' 

JLbasis or starting-point. . 
HOten we require to convert measurements expressed to 
^BBte nniti based on any given system of fundamental 

^B into absolute measurements based on some other I 

Hm, it is necessary, in order to calculate the multiplier or J 

^■» to be used for the conversion, that we should know I 

^Vtoe called the dimtimons of the units. In otlier words, 1 

^nust know at what power each fundamental unit enters 1 

^Kie particular derived unit ; thus, in the case of velo- 1 

^Ptthich is perhaps the simplest derived unit, the dimen- I 

^kare said to be~, or a length divided by an interval I 
^K6f, because tJie magmtnAt of the unit is diieiL'fq \itq- J 
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1 to the magnitude of the unit used to 1 

Jid inversely proportional to that of the unit used 

jre time. Similarly the absolute unit of force is 

tj proportional to the unit of length and the unit of 
mployed ; it is inversely proportional to the square 

! unit of time used ; hence the dimensions of the unit 



] we wish to convert a measurement expressed in 
! units based on the units l, m, t, (say foot, grain, 
3) into an absolute measurement based on some other 
) of units /, m, I, (say metre, gramme, second), we 

: to know the ratios - , -, -, of the actual mag- 
I of each pair of units. Thus in tlie example chosen 
■3048, - = -0648, ^- = 1 ; then to effect the conver- 

om English to French measure we must multiply the 
r expressing the measurement in English measure by 
atio raised to the power at which the corresponding 
appears in the expression for the dimensions of the 
If the power is negative, we divide by the ratio 
3 of multiplying ; thus to convert a velocity expressed 
[lish measure into a velocity in French measure, we 
ly by 0-3048, and divide by 1 : to convert a measure 
e (foot, grain, second) into French measure we multi- 
, -3048 i 



- = -orgys. 



(1)» 

following table of dimensions and constants is taken 
le British Association Report on Electrical Standards, 

Fundamental Units, 

Jl = L. Time - T. Mass = M. 

Ua-ived Mechanical Units. 
i - «r - "». F™ - f ." V=l«it, .,->-, 



"5, 
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Derived Magnetic Units. 

Strength o! the pole of a magnet . , , « « J T'l M^ 

Moment of a magnet »f/ — L* T"l M^ 

Intensity of magnetic field . , . , H « L"^ T'l M^ 

Electro-magnetic System of Units, 

Quantity of electricity Q = L^ M^ 

Strength of electric current c *» L^ T'l M^ 

Electromotive force . . • . , . E = L^ T"* M^ 
Resistance of conductor R =s l T"l 

Electrostatic System of Units, 

Quantity of electricity ^ ■■ L* T"l M^ 

Strength of electric currents r » L^ T"* M^ 

Electromotive force ^ « l^ T'l M^ 

Resistance of conductor r « L"l T 

Tabu for the conversion of British {foot grain second) system to 
centimetrical {centimetre gramme second) system. 



I. For M 



1 



Number of 
centimetrical 

units 

contained in a 

British imiL 



2. For L, Z/, R , -,& V 

3. For F (also for 1 

foot grains and > 
metregrammes J 

4. For W 

5. For H and elec "j 

tro - chemical > 
equivalents J 

6. For Q, c and e . 

7. For 'E.m q and c 

8. For heat • 



0-0647989 
30*47945 

I -97504 

60-198 

•0461085 

I -40536 
42-8346 

00359994 



Log. 


Log. 


2-81 15678 


1-1884321 


1-4840071 


2"'5i59929 


0-2955749 


T 7044250 


1-7795820 


2-2204179 


2-6637804 


1-3362196 


0-1477874 


7-8522125 


I -6317949 


2-3682051 


2-5562953 


I '4437046 



Number of 

British units 

contained in a 

centimetrical 

tmit 



15-43235 
•03280899 

•506320 

•OI661185; 

21-6880 

•711561 
•0233456 
27-7782 
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Let V be the ratio of the electro-magnetic to the electrostatic unit of 
quantity s 28*8 x 10* centimetres per second approximately, and we 
have 

^■sl/Qlrssl/C^sa-E r =-- R / « »* s 
I \ V \ »* I 

In London {^^^^f^^} - ^^■^^ absolute units of \^^ 

One absolute f force 1 ^ 1 funit weight 1 everywhere, 

umt of \ work / g \ unit weight and unit length / ^ 

g in British system = 32*088 (1 + 0*005133 sin* \ ), where \ = the 
latitude of the place at which the observation is made. 

Heai, The unit of heat is the quantity required to raise the temper- 
ature of one grain of water at its maximimi density i^ Fahrenheit 

Absolute mechanical equivalent of unit of heat =■ 24861 «= 772 foot 
grains at Manchester. 

Thermal equivalent of an absolute unit of work <» '000040224. 

Thermal equivalent of afoot grain at Manchester = '0012953. 

Electro-chemical equivalent of water = '02 nearly. 

Metrical system. Relation between absolute and other units, {Centi- 
metre gramme second, ) 

One absolute r force 1 .««,^,«- f weight of a gramme 1 . -p . 
unit of \work)" ~'°'95 | centimetre g?amme ) ^t Fans 

At Paris /*^^ weight of a grammel ^ g g^g f absolute 1 force. 
\ or centimetre gramme J ^ \ units of /work. 

One absolute /force \ i /unit weight > , 

unit of Iwork/ "^ g \unit weight x unit length \ everywhere. 

g in metrical system = 978*024 (i -♦- 0*005133 sin* X), where \ = the 
latitude of the place where the experiment is made. 

Heat, The unit of heat is the quantity required to raise one gramme 
of water at its maximum density 1° centigrade. 

Absolute mechanical equivalent of the unit of heat = 41572500 = 
42354*2 centimetre grammes at Manchester, 

Thermal equivalent of an absolute unit of work = "000000024054. 

Thermal equivalent of a centimetre gramme at Manchester ■» 
•0000236154. 

Electro-chemical equivalent of water ■= '00092 nearly. 
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CHAPTER XI. 

CHEMICAL THEORY OF ELECTROMOTIVE FORCE, 

§ 1 In Chapter III. § 15, the phenomenon of electrolysis 
was described and water was shown to be an electrolyte; ^« 
decomposition of water is much facilitated by the additiox* 
of s. little acid, which has the effect of diminishing the 
resistance of the liquid and of allowing a ]a[;ger currail t<3 
pass from a given battery than would traverse pure water- 
The acid is not decomposed, or, if it is, the elements r^ 
combine so as never to appear at the electrodes, as the 
metal terminals plunged in the liquid are called, Platini*" 
or gold electrodes are used to show the decomposition of 
water ; othen\ise the oxygen carried to the positive electrode 
would not be set free, but would oxidise the metal instead 
of appearing in the test tube (Fig. 41). Three or four 
galvanic cells are usually employed to decompose water. 
The electromotive force of one of the usual Daniell's cells 
is insufficient for the purpose, and this we shall be able to 
prove from a consideration of the chemical affinity of the 
materials employed, and of the work required to be doDf^ 
measured in absolute measure. When the tubes are gra- 
duated so that the volume of the gases can be measured, t"^ 
apparatus shown in Fig. 41 is called a voltameter. Offi"B 
to the absorption of gas by the water, neither the true 
relative nor absolute volumes of the gases appear in th* 
test tubes. 

With very few exceptions, electrolysis occurs only ^ 
liquids. Fused saline bodies are electrolytes, and probacy 
many fused oxides are electrolytes, but the reoxidaBO" 
takes place so readily that this is not easily verifi**- 
~ 'nduction through electrolyses is subject to Ohm's 1** 
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s known. Electrolytes apparently conttuct 
ill cittrents without being decomposed. 
S 2. Electrolytes are not necessarily decomposed into 
^plc or elementary substances. Many electroly! 

imposed into two groups of components; each group, or 
ri) simpSe element, is called by Faraday an ion ; iWth any 
1 electrolyte, the same group, or ion, always appears at 
* Same electrode, so that ions may be classed as electro- 
OBtive or electronegative ; the electropositive ion appears 
Pthe negative electrode, and the electronegative ion at the 
^tive electrode. 

►hen the electrolyte is changed, an ion may change its 
Ktrode, and ions can be classed in a list such that each Js 
■iciropositive to all which follow ; so that an ion such as 
^Wpliiir, which is electronegative towards hydrogen, is electro* 
I'Ositive towards oxygen. 

Hydrogen and metals are electropositive relatively to 
^'ds and oxygen : oxygen is the most electronegative, and 
potassium the most electropositive element. 

§ 3. The bases of salts may practically be classed as 
electropositive ions. When we decompose salts composed 
"f two or of three elements, we find the base at the 
Negative electrode and the acid at the positive electrode ; 
but this classification is not strictly scientilic, for chemists do 
■^ot consider ihe decomposition of sulphate of potassium, foi 
instance, as consisting in the separation of the base potash 
from the sulphuric acid, but rather as the separation of 
potassium from the other constituents of sulphate of potash. 
^Vhen, however, the potassium appears at the negative pole, 
" decomposes water and combines with oxygen to form 
potash, while at the other pole sulphuric acid 
dement of oxygen appear. When the decomposition goi 
"" rapidly, oxygen and hydrogen in small quantities 
appear at each electrode ; otherwise they recombine i 
'onn water. The practical result is that the base behaves 
*" electropositive and tlie acid as an eleciroTie'^a.\.we\QW, 
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§ 4. The folloA^'ing table is an electro-chemical series, 
in which the most electropositive materials come last : — 



Oxygen 


Chromium 


Silver 


Manganese 


Sulphur 


Boron 


Copper 


Aluminium 


Nitrogen 


Carbon 


Bismuth 


Magnesium 


Fluorine 


Antimony 


Tin 


Calcium 


Chlorine 


Silicon 


Lead 


Barium 


Bromine 


Hydrogen 


Cobalt 


Lithium 


Iodine 


Gold 


Nickel 


Sodium 


Phosphorus 


Platinum 


Iron 


Potassium 


Arsenicum 


Mercury 


Zinc 





§ 5. The quantity of any electrolyte decomposed by a 
current is proportional to the strength of the current and to its 
duration ; in other words, to the whole quantity of electricity 
which during decomposition passes through the electrolyte. 

The weights of different electrolytes decomposed by a 
constant current are in direct proportion to their combining 
numbers. Tables of these numbers are given in all works 
on chemistry. 

It follows from the above propositions that if we know the 
weight of any electrolyte which has been decomposed by 
any known current in a known time, we can calculate the 
weight of any other electrolyte which in a given time will 
be decomposed by any given current. It does not follow that 
a given battery will decompose two electrolytes at such rates 
that the quantities decomposed in a given time are simply 
proportional to the combining numbers ; the resistance of 
one electrolyte may be so different from that of the other, 
that in order to obtain the same current very different 
batteries may be required in the two cases. 

The quantity of each electrolyte decomposed by the unit 
current in a second is perfectly definite and constant ; we 
shall denote this quantity by the symbol c, and call it the 
electro-chemical equivalent of the substance. Since the weights 
of the electrolytes decomposed by the unit current are pro- 
77ortJona] to the combimi^^ ivw\xv\i^t?» oC the compounds, 
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the weights of the ions appearing at each electrode will be 

Pfoportional to these numbers, and lience, knowing the 

neigh: of any one ion produced at either electrode by the 

""it current in a given time we can calculate the weights of 

3" Ihe others; in other words, we can calculate the electro- 

•^liemical equivalent of each ion, and therefore of all simple 

f'odies. The following is a table of the electro-chemical 

equivalents of some bodies expressed in grammes and 

calculated from that of water experimentally determined to 

l>e '00092 ; that is to say. the table is calculated on the 

'^sumption that one absolute electro-magnetic unit of cunent 

(•centimetre gramme second) wiU in one second decompose 

'ooQgj gramme of water. 



■00123 
■00301 

■00143 
■00552 



I. When a current is passed from metal electrodw 
Wgh an electrolyte and decomposes it, the current per- 
action equivalent to the performance of work or 
mditure of energy — an action which may be measured in 
S units employed to measure energy. Let i be tlie electro- 
motive force between the two electrodes, and Q the quantity 
of electricity passing, then the work done by &t eVtcUvcvVi 



Afuminium 


■OO141 


Iron . 


/Indmony . 


■00624 


Lead 


^Tsenicuni 


■^l^i 


Maenesium 


Eatiimi . 




Manganese 


Xismuth . 


■01073 


Mercury . 


Boron 


■00056 


Nickel . 


Itomine . 


■00409 


Nitrt^en . 


Calcium . 




Osygen . . 


Carbon 


■0006: 


Phosphorus 


Chlorine . 


■00181 


Platinum . 


Chromium. 


'□036S 


Polassium . 


Cobalt . 


■00301 


Silicon 


Copper . 


■00324 


Silver 




■00097 


Sodium . 


Cold 


■01007 


Sulphur . 


Hydrogen . 




Tin . 


Iodine , 


■00649 


Zinc . 
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is, as we know, necessarily equal to i Q ; and if this energy is 
wholly spent in decomposing the electrolyte, this product 
measures the energy which must be expended on the electro- 
lyte to overcome the chemical affinity of the ions. In ex- 
pending work in this manner on the electrolyte, we may be 
said to add intrinsic energy to the ions : after being decom- 
posed they possess a potential energy in virtue of which 
they can recombine, and during the recombination they 
must manifest in some form the energy given them when 
they were decomposed. They may manifest this energy in 
the form of heat, and if allowed to do so, the total amount 
of this heat of combination must be equivalent to the energy 
expended in decomposing them. Thus, calling the heat 
produced by the combination of a unit of weight of one ion 
with the other, and « the electro-chemical equivalent of the 
first ion, then c will be the heat produced during the 
combination of as much of that ion as would be decom- 
posed by the unit quantity of electricity, and j f will be 
the mechttnieal equivalent of that heat where j is 41572500, 
being Joule's coefficient, or the number of absolute units 
of work equivalent to the heat which will raise one gramme 
of water one degree centigrade. Thus the equation ex- 
pressing the equivalence between the heat resulting from 
the combination of two ions, and the work done in decom- 
posing them, will be — 

I Q = QJ0e, 

or I = J e £ I® 

This equation gives the value of the electromotive force which 
is absolutely necessary to effect the decomposition. If we 
have less electromotive force than this, i Q can never equal 
Q J £ ; or the work done by the current, no matter what the 
resistance may be, can never be sufficient to separate the 
weight Q£ of the ion from its electrolyte. If a greater 
electromotive force than this be maintained between the 
eloctxodit^i the decomposiUon mil proceed very rapidly, but 
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since i Q will be greater than Q} Oi, some of the energy of) 
current will be spent otherwise than in decomposing! 
the electrolyte. 

§ 7. If we look on the work done in separating two ii 
as a product of two factors, one factor being the weight <rf^ 
one ion m, and the other factor the chemical affinity e, per 1 

UTUt of weight, then m e = i q, or e 

Eut the ratio _ is equal to i ; hence e = i, so that the che-J 

mical affinity of the ions per electro- chemical equivalent isl 
equal to the electromotive force required to just decomposer 
the electrolyte, 

§ 8. The ions which by their combination form an electro-B 
lyte may generate a current instead of producing heat, ItM 
the whole energy due to chemical affinity is so employed, the W 
value of the energy will, as before, for each electro-chemical f 
equivalent i be the product J Hi. The mechanical equivalent j 
of the current produced is i, q,, where i, and q, are the I 
electromotive force and quantity of electricity produced by I 
the combination of the ions ; but the electromotive force ] 
just required to decompose the ions is exactly balanced by 
the E. M. F. which the combination of the ions can produce. 
In other words, i, = I, and therefore Qi = q. Hence the 
electromotive force due to the combination of any pair of 
ions is equal to J fl t or the mechanical equivalent of as much 
of the chemical action as goes on with the unit of the current 
in the unit of time. 

[ may be taken for either ion. 1 is constant, whichever 
is taken. 

A table giving the values of 9 is required before we can 
calcuJate from the table of electro-chemical equivalents the 
E. M. F. which any given combination will produce. 

§ 9. When a series of chemical actions take place in a 
circuit, some of these may tend to produce an e. m, f., the 
Others to resist it. We express this fact by saying that thft 
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respective values of i for the several reactions may be posi- 
tive or negative. The resultant value or actual electromotive 
force tending to produce a current, or to resist deoxnposi- 
tion, is the algebraic sum of all the values of I. Thus, in 
the galvanic cell known as Daniell's cell, the electrodes arc 
copper and zinc; nexit the copper there is a saturated solution 
of sulphate of copper, and next the zinc a solution of sul- 
phate of zinc. The chemical action is as follows : i. The 
zinc electrode combines with oxygen. 2. The oxide thus 
formed combines with sulphuric acid and forms sulphate of 
zinc. 3. Oxide of copper is separated from the sulphate. 
4. The copper in this oxide is separated from the oxygen. 

The oxygen of the water is separated at the zinc electrode 
from the hydrogen, and at the other electrode this hydrogen 
recombines with the oxygen from the oxide of copper, 
but this alternate decomposition and recombination of the 
elements of water can neither increase nor decrease the 
E. M. F. of the cell, the actions being opposite and equal 

1. The heat evolved by the combination of one gramme of 
zinc with oxygen is 1,301 units. 

2. The heat evolved by the combination of the 1*246 
gramme of oxide thus formed with dilute sulphuric acid is 369 
units. 

3. The heat evolved by the combination of the equivalent 
quantity '9727 of a gramme of copper with oxygen is 588*6 
units. 

4. The heat evolved by the combination of 1*221 gramme 
of the oxide thus formed with dilute sulphuric acid is 293 
units. 

The thermal equivalent of the whole chemical action due 
to one gramme of zinc is therefore 130 1 4- 369 — (588*6 + 
293) = 788*4 ; but we require the thermal equivalent of a 
weight of zinc equal to e, and this we obtain by multiplying 
788*4 into *oo342, giving for t the value 2*696 ; next, lo 
obtain the value of i, this product is multiplied by j or 
41572500, and we then obtain for the electromotive force of 
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ll's cell about 112,000,000 units, a value which 
I closely with the result of direct experimenL This 
and example are taken from Sir W, Thomson's 
t in the 'Philosophical Magazine' for 1851. 

. The separation of substances into ions which appear 

rately at the two electrodes is a fact made useful in 

' ways. The elements or elementary groups gather 

; electrodes in a state of great purity, and hence 

! process of electro lysation is made use of to obtain 

e chemicals. Metals may be deposited in this way on an 

; of any form which it is desired to copy. The 

il copy thus formed is called an electrotype. The nobler 

s are often deposited on electrodes of baser materials 

e sake of ornament. These electrodes are then said to 

■ electro- plated with the nobler metals. Some substances 

; only be decomposed by electrolysis, and some ions 

\ only be maintained in a state of separation while the 

s passing. 

k 11, The passage of an ion from tlie place where it is 
t decomposed to the electrode appears to take place by 
leries of combinations and decompositions. Thus, when a 
Blecule of water half-way between the electrodes is decom- 
Red, neither the hydrogen nor oxygen cross the water as 
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B gases, but the hydrogen of rf, shown by the white half o 
\ moiecule, Fig. 84, combines with the oxygen of c, shoi 
f the black half of tliat molecule. This sets the hydrogei 
\t free to combine with the oxygen of b, and final 
t hydrogen of b combines with the oxygen of o, leaw 
I tile hydrogen of a free at the negative electrode. 
ftilar series of compositions and decompositions leaves d 
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oxygen of g free at the positive electrode. This is shown 
by the fact that ions can be transmitted through materials 
for which they have a strong chemical affinity without com- 
bining with them. 



Fig. 85. 




Thus, put a solution of sulphate of sodium into a, Fig. 85 ; 
dilute syrup of violets into b, and pure water into c ; pass a 
current from an electrode in c to an electrode in a. The 
sulphate in the vessel a will be decomposed. Soda will be 
found in a, and sulphuric acid, which must have come from 
A, will be found in a Nevertheless, the colour of the solu- 
tion in b will not have been altered \ whereas tlie addition 
of a very small quantity of free acid to b will produce a dis- 
tinct red colour. 



CHAPTER XII. 

THERMO-ELECTRICITY. 

^ 1. When the junctions of a circuit made of two metals 
are at different temperatures, a current of electricity gene- 
rally flows through the circuit. The electromotive force 
producing this current depends, i, on the metals employed; 
2, on the difference of temperature between the junctions; 
and, 3, on the mean temperature of the junctions. 

When the mean temperature of the junctions is kept the 
same for circuits containing pairs of metals in various com- 
binations, and when the difference of temperatures between 
the junctions is smaW aivd co^^x-axvX., \}^e. electromotive 
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Itirce of each circuit depends only on the metals employee^' 
I^t us call d {a s) the numerical factor by which 
difference of temperature r between tlie junctions must 
cQultiplied to give the e. m. f. of a circuit composed of 
metals a and is at the mean temperature /, and let us call the 
value of this numerical factor, svhen r is equal to unity, the 
ihermo-eleclrU power of the circuit a B at the temperature /. 
Then, calling f {a c) and ^ (b c) the thermo-electric powers 
of the pair A and c and of the pair a and c, we find experi- 
mentally that 9 (b c) = ^ (a c)—<!>{k b). This equation ex- 
presses the fact that the thermo-electric power of any pair of 
metals is equal to the difference between the thenno-electric 
powers of those metals relatively to some one standard 
metal a. In order therefore to calculate the thermo-electric 
power of any pair of metals it is sufficient tliat we determine 
experimentally the thermo-electric power of all metals 
relatively lo some one metal used as a standard. In what 
follows /f.T// will be taken as the standard metal. 

5 2. We call a metal thermo-electric ally positive to 
another, when the e. m. f. in a circuit of these two metals 
sends a current from the first to the second across the 
hot junction; the difference of temperatures r being sup- 
posed small. It follows from § i that the metals may for 
any one mean temperature t be arrangetl in a series such 
that each Will be positive relatively to that beneath it; it 
follows, moreover, that a number may be assigned to each 
metal proportional to its thermo-electric power relarively, 
say, to lead, and such that the algebraic difference be- 
tween these numbers for any iivo metals will express in any 
;itbitrary units the e. m. f. of a circuit of those two metals 
when the junctions are at the mean temperature /, but differ 
by 3 small constant difference r or, say, by unity. The 
thermo-electric series printed in most books give approxi- 
mately numbers of this kind, bul the experiments on which 
they are baaed have generally been conducted without 
reference to the condition that the mean temperature / 
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should be constant, and this tenaperature is seldom givi 
The thenno-electric series differs entirely at different te 
peratures. The following ii compiled from Dr. Matthii 
sen's experiments, and is such that approximately the th 
mo-electric powerrelatively toleadis expressed inmicrovo 
per degree Centigrade. 



Bismuth pure |i 

Bismuth crystal ai 
Bismuth crystal equa- 

Cobalt 

Quicksilver 
Lead . 



Tin 



■rof. 



Pressed Antinniny win 




Silver pure hard 


- J 


Zinc pure pressed 


- 3 


Copper galvanoplasti 




cnlly precipitated 


- 3 


Antimony commercial 




pressed wire . . 


- 6 




-«3 


Iron pianoforte wire. 


-tr 


Antimony axial 






-16 


Red Phosphorus 


-n 


Tellurium 


- s= 


Selenium 


_ & 



Tiie mean temperature for which these numbers a 
approximately true may be taken at from 19" to so" Cen 
grade. 

5 3, Any tivo metals joined by a third metal so as to form 
circuit have an E. M. F. equal to that which they would ha' 
had if directly joined, provided both junctions with the thi 
metal are at one temperature ; thus in Fig. 86 the ihr 
circuits all have tlie same e, m, f. — that due to zinc af 
antimony alone. The copper wire might be replaced 1 
any complex arrangement of substances without in terferii 
with the E. M. F. of the circuit, provided the junctioi 
were all at one temperature, except those intended to I 
effective. Thus the e. m. f. of a thermo-electric pair — sudii 
zinc and antimony— may be tested by observing the cuirei 
flowing through a complex circuit composed, for instaac 
of the copper wire of a gaWanotneiet having brass tenninil 
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I iBclorGennan silver resistance coils. We musl, 1 

s test the equality of the temperatures at the other 
rjUBctions by observing whether any current is produced 
^"Jiea the thermo-electric element is removed, 

r, brass, and German silver connections joined so 
I make an independent circuit exactly similar to 
piously used except as regards the removal of the 
Id antimony, or other thermo-electric pair. 



i 




fit The tliermo-electric powers of different combinations 

^ only change with a change of mean temperature, but 

' change in very different proportions. Thus the 

■electric power of copper-silver differs little for tern- 

^es between 0° and lao", but the thermo-electric 

r of iron-copper varies rapidly ; so rapidly, indeed, 

ero at about 230°, and then again to increase, 

■irith the opposite sign ; so that whereas copper is posi- 

\ to iron below 230°, it is negative to iron above thai 

It follows that, if we are to possess accurate 

wledge as to the thermo-electric relations of metals over 

bnsiderable range of temperatures, we must have suffi- 

K knowledge to construct such a diagram as is shown in 

(£7, where tlie vertical ordinates indicate temperatures 

jlegrees Centigrade, and the horizontal ordinates the 

i-electiic powers in microvolts of the melaXsTcXa.'raAN 
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n may be looked upon as simply one mode of 

e Ihenno-electric powers of metals relatively to 

t different temperatures, the horizontal scale 

uiged that the distance between t!ie two lines of 

r metals at any temperature gives the thernio- 

T of the two metals at that temperature* 

o-electric power of copper and iron at 50' 
h and at a6o' is zero, and at 400° it is —76. I 
s theimo- electric power + when the current is 
rst-named to the second-named of a themio- 

s the hot junction. 

r any very small differences of temperature the 

lotive force of a pair is equal to the product of the 

! of temperature between the junctions into tlie 

electric power, so that the area of a narrow strii) 

"malely a parallelogram) represents this e. m. f. on 

When the breadth of this strip is unity, or tlic 

■ temperature 1°, the electromotive force is 

o the ordinate or to the thermo-electric power. 

Efference of temperatures is considerable — say 50° 

romotive force is the same as if we had 5 pairs of 

r-^nged as in Fig. 88 ; tJius if while 11 Ui wore 
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If we now werL- to break the circuit at a a,, Fig. 38, and 
leaving b b, joined were to join re,, we should haveacircuit 
bli\ (i c, in which ihc e. m. r. would be represented in Fig-.S) 
by the parallelogram iZ-,. Similarly in the circuit dd^ f c,, 
Fi;t- 88, the e. m. f. woulii l>c ri;[ircsei>tccl by the area ii. in 
1-ig. 89, 4:c. 




I a a, are joined, .\nd//, ;ii 
otlier cross connections brokun, the E. u. y. of tin 
a of all the electromotive forces of each of 
circuits a a, i //,, i v, c c-^,c c^^ liil^, &c., and i 
represented by the area a Aj f, f in Fig. S9. 
electromotive force of any pair witli the two junctions s 
two temperatures can be calculated by calculating (he arti 
enclosed between the two thermo-electric lines of those 
letals, and the ordinates corresponding to the two extreme 
temperatures. 

§ 6. In taking out this area we must, however, observe 
that if tlie areas to the left of any point where two lines cut 
are called positive, those to the right must be termed nega- 
tive, for they represent an E. m. f. tending to send the current 
'a the reverse direction, K, ftvuTclQte.'&eVwoYiactionsi 
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such temperatures that the areas are equal, no e. m, f. 
will be produced in the circuit. 

The points where the two lines for any metals cut are 
called the neutral points for those metals, because at that 
temperature the metals are neither positive nor negative re- 
latively to one another, their themio-electric powers being 
equal When the lower junction is so far from the neutral 
point that the triangular area intercepted by the ordinate of 
iK temperature is greater than the triangular area cut off by 
the ordinate of the higher temperature, the current will go 
from the metal highest on the scale below the neutral point 
to the other through the hot junction. The direction of the 
oirrent will be the opposite if the triangular area above the 
Jieutm! point is the greatest. 

1 7. So far, we have been following Sir William Thomson. 
Professor Tait, led by theoretical considerations, has experi- 
iwntally proved that the thermo-electric lines are in most cases 
^■rproxiraately straight between a" and 300" Centigrade, and 
I^robahly at much higher temperatures. This greatly facilitates 
ihe calculation of e. m. f., because the areas to be dealt with 
-lie simply triangles, or trapezes. Letw be the distance sepa^ 
wtmg the lines of the two metals forming the pair at the mean 
leiDperaiure of the junctions ; let /, — /^ be the difference 
^^ temperatures : then tn {Z, — t^ is the e. m. f. of the 
I'lTT under those conditions, being the area of the trapeze, 
'■"r triangle, above described. It follows from the above, 
'liat when the mean temperature of the two junctions is 
inat of the neutral point, no current will flow through the 
"Circuit. This gives a means of determining the neutral 
Points of metals with great accuracy. Professor Tait haS 
7S0 established the curious fact that the thermo-electric 
"^e of iron, whether pure or commercial, when prolonged 
'owards red heat, is a sinuous or broken straight line, so that 
V^^re may be t\vo or more neutral points in one circuit when 
""On or steel is one of the two metals. 

The IS. M. F. of any pair may be calcylatei wi TOvctos'Sas 
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from the diagram (Fig. 87), taking the measurement of the 
mean distance between the lines of the metals by the hori- 
zontal scale, and the vertical measurements in degrees 
Centigrade; but it is obviously more convenient to calcukte 
than to measure the length of the mean distance betweei^ 
the lines, and for this purpose the following table is giver** 
containing the tangents of the angles at wiiich the lines ar*^ 
inclined. Let ^i and k^ be the tangents for two give^"^ 

Prof. TaiCs Thernw-eUctric Table {converted to give E^M.F, in microvolts'^ • 



1 

1 

Metals. 




Neutral Point with 

Degrees Centigrade. 
n 


Tangent of Angle with 

Lead Line. 

k 


Cadmium . 

Zinc . 

Silver 

Copper 

Brass 

Lead . . , . 

Aluminium 

Tin ... . 

Gennan silver 

Palladium . 

Iron . . . . 




-69 

-32 
-115 

-68 

+ 27 

-"3 

+ 45 

-3H 

-181 

+ 357 


— -0364 
-•0289 

— -0146 

— •0124 
-•0056 

+ -0026 
+ -0067 
+ -0251 
+ '031 1 
+ -0420 



Note, — The straightness of the thermo-electric lines has not be^* 
verified below o^ ; hence the table must only be used to calcula. "t. * 
E. M. F. for couples between o"^ and 400° or ^ocF* Centigrade. 

The metals used were not chemically pure. 

This table is calculated from the iron series in Prof. Tait's tabl^r 
p. 599. Proc. R.S.E. 1871-72, taking the e.m.f. of a Grove's ceH 
as I '93 volts. 

metals. I/et ;/i and n^ be the temperatures of their neutral 
points with lead. Let /,„ be the mean temperature of the 
junctions ; then the mean ordinate or ni is given by the 
formula 

/;/ = k^ (ni - O - ^2 i^h - 4) 

Thus, let the mean temperature of a pair of copper-iron 
junctions be 50®, and tbe difteieYve^ of the temperatures of j 
the junctions 100^; then (50 -V ^^^ (^--q^^^^ ^ -. v^J^*^ < 
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portipn of the mean oiilinate (lor topper), and 

- 357) Coji) = - "'y is [he other (for iron). 

difference is ii'43, ami this multiplied into too" givc.i 

"43 as the e. m, f. of the copper-iron pair in microvolts. 

'inuQ the thermo-electric hues of two metals are nearly 

/'waJlel, the e. m. f. produced by a pair of those metals will 

■Clearly proportional to ihe difference of temperatures 

niairjtained between their juBclions, For metals or alloys, 

raelinejj of which diverge, no such law even approsimalely 

nolds good, and it is necessary, before the e. m. k. can be cal- 

cuJat^d, that we should know not only the difference of tcni- 

peiatvires, but the actual teinperatures of the junctions. 

S S. A number of thermo-electric pairs, or elements, may be 
joine^cd in series, so as to give an i^ it. f. which is the sum of 
the electromotive forces of all j„., i^. 

^^ ^ileraents. To do tl 
isorjly necessary to join the I 
""^ta-5s,as shown in l''ig.9o, and 
kce-jii all the junctions on one 
s'lle;, as at A, warm while the^ 
otl^erside is cold. Batteries.? 
of this kind are easily made 
*ith exceedingly small resist- 
™<:e, so that when the otlicr 

f^sisiances in the circuit are also small, considerable currents 
™ill be produced — greater currents than could be obtained 
>mder similar circumstances from a Daniell's cell of moderate 
Sim. a bismuth-antimony pair may be prepared having, say, 
'. of ioo,ooa microvolts, or about i^the k. m. f. of a 
LOietl's cell, while the resistance might be reduced to almost 
desired extent fay increasing the section of each clement 
if each element were about 2 centimetres in length, 
a tenth of a square ceutimfetre in section, the resistance 
<tf the pair would be about 3,370 microhcns, and the resist- 
ance of joa .Mich pairs would be 337,000 microbjns, or 
'3S7 ohm, so that t/jrougfi a short circuit iVve^ ytOi^jB 
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a greater current than any except the largest sized DanidTs 
cell. There are thermo-electric pairs which give a much 
greater e. m. f. than the above, but generally the increase in 
E. M. F. is to a great extent counterbalanced by an increase in 
the internal resistance of the pair. 

§ 9. Thermo-electriccurrents are produced by non-metallic 
substances. Metals and fusible salts form powerful paiis, 
which are generally held to be thermo-electric, and Becquerd 
has constructed a battery of the artificial sulphuret of copper 
and German silver, in which the salt is used without being 
fused. 

Thermo-electric currents are also produced in circuits of 
metals and liquids, and probably in simple liquid circuits. 

§ 10. The chief practical use to which thermo-electric bat- 
teries have been put is the measurement of small differences 
of temperature. Melloni introduced this method of ob- 
serving changes of temperature. A thermo-electric battery, 
I'ig- 9i> is connected by the terminals 1 1^ with a galvano- 
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A 




^^ 




meter having a very small resistance; one series of junctions 
w is maintained at one temperature as nearly as possible, 
being enclosed in a metal case ; the other series of junc- 
tions A is exposed to radiation from the objects the tem- 
peratures of which are to be compared. The junctions are 
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teened by tubes fi-om the radiation of other objects ; 
e tubes are shown removed from the battery in Fig. 91. 
BWhen any substance warmer than the space opposite e is 
Towed to radiate heat upon die junctions a, the galvanometer 
p.inimediately (ieflected. When the junctions Aradiate heat 
|itto a colder substance than b, so as to become colder than 
a deflection to the opposite side is produced ; for small 
Ufereoces of temperature the currents produced are pro- 
nional to the differences of temperature. This arrange- 
ait is so sensitive, that by its aid the beat radiated by 
e £xed stars has been detected. 
Ip| II. In accordance with the doctrine of the conservation 
Benergy, heat is transformed into electricity in tlie thermo- 
tctric circuit ; the work done by the current is precisely 
: equivalent of the heat so transformed. If the whole 
prk of the current consists in heating the conductors, the 
merely a transference of heat by means of elec- 
icily from one jiart of the circuit to another; so that, in 
:e with the law of dissipation of energy, the parts of 
e circuit are, on the whole, more nearly at one tempera- 
pre than if no current had been produced, and heat had 
erely been conducted along the wires. If the current is 
pployed to do mechanical work, an equivalent amount of 
i abstracted from the circuit, and reappears in the 
ings of the working machine and the materials it works 
; similarly a portion of the work done may be eiectro- 
mical. In whatever form the work is done, in the whole 
Scuit this work will be equal to i Q § a. Chap. VIII. 
The heat is transformed into electricity at the hot junction, 
d also at unequaUy-heated portions of one or both metals. 
|ltier discovered that a current flowing through a circuit of 
metals heated one junction and cooled the other. Now, 
rrent which flows in a thermo-electric circuit flows in 

L direction in general as to heat the cold junction and 

cool the hot one ; so that for some rime it was considered 
that the heat producing the current was wholly absorbed at 
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the hot junction, and given out at the cold junction dimin- 
ished by radiation, and by an amount equivalent to the woiL 
done in the rest of the circuit. 

Sir William Thomson pointed out that this cxpknatioa 
was incomplete, for when a junction is at the oeutnil point 
no Peltier effect can occur ; the two metals are then thenno- 
electrically identical; nevertheless when the hot junction is at 
the neutral point and the other junction at a lower tem- 
perature, a curteat is observed, increasing as the tempera- 
ture of the lower junction is diminished, and the direc- 
tion of the current is such as to heat the cold junction. 
Heat must therefore be absorbed at other parts of ibe 
circuit tiian at etilier junction. 

$ 12. We may, perhaps, best conceive of the manner ii* 
which this heat is absorbed by considering what would occur 
if a current were passed through a series of metal pieces, 
arranged as in Fig. 9 z, where each is in succession more posi' 
tive than that which precedes it, a being the least and k tbe 
most positive. If a current is passed from a to k, it will flo* 
in the direction opposed to that in which a current 
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flow across any of the junctions, if that were the hot juncOO"* 
of a circuit made of those two metals, and therefore evCV 
junction would be heated; whereas if the current w^r^ 
passed in the other direction, as shown by the arrow, ever? 
junction would be cooled. If the Peltier effect at ev^r) 
junction were the same, die bar would be heated and cool^ 
uniformly ; but if the Peltier effect increased from a towa*** 
k, then the bar would be unequally heated or cooled by t** 
passage of the current. The current in the direction of '*. 
anaw would cool the bar most near k so as appareO* 
toJieap up heat towards a, whcieas a. c\incox.\a ■i*. w^-^?^ 
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1 would heap up lieat towanls k ; in other words, J 
a. bar as this, positive electricity might be said to I 
q'heat witli it. Now, a copper bar, or wire, with the end , 
^oler than the end a, behaves as if it were composed of I 
in infinite number of such little elements ; a current from i 
lol to cold heals it and carries heat with it ; whereas an | 
ron bar behaves as if when the end k were the hotter i 
lere the more positive, so that a current from cold l( 
lot heats iron. The heaping up of heat in iron goes ii 
be direction opposed to that of the current. We see that | 
feotrent from hot to cold in iron absorbs heal, and one 
n cold to hot absorbs heat in copper j and hence, when a 
pr is formed of copper and iron with its hotter junction j 
t the neutral point, the current goes from cold to hot 
ie copper and hot to cold in tlie iron. Hence the copper | 
nd iron both absorb heat, and the electromotive forces of j 
le two are added. With most pairs of metals the e. m 
I the one unequally heated metal is opposed to that in the 
tiler. In this case the stronger E. M. F. overcomes the j 
eaker, and the resultant current is due to the difference of J 
eciromotive forces. The discovery of the absorption or i 
'olution of heat due to the unequal temperatures of metals ] 
»d its convection were predicted from theoretical conside- 1 
fions by Sir William Thomson, who afterwards verified his 
Klusions by experiment. 



CHAPTER XI J I. 



' A GALVANoMEi'ER IS an instrument intended to detect j 
- presence of a current and measure its magnitude 
'tis of the instrument consist of a coil of insulated wire and J 
liagnet freely hung or pivoted so as to be easily deflected I 
; of a current through the coil. Thi 
bi^ the coil is so wound that each lu.Tn \\e^ vtv ^ 
' Mtefj- perpendicular to the axis of ^^^e'Mi6 
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magnet. The current, in passing ihrongh the coil, or bobbin, 
of insulated wire, produces a magnetic field in the space in 
which the magnet hangs, and the couple tending to deflect the 
magnet is directly proportional to the strength of this field 
and to the moment of the magnet. The opposing coupk 
tending to bring back the magnet to its undeflected posilioD 
may be due to various causes. 

In one class of galvanometers the magnet is suspendei! 
or supported in a horizontal plane, and the opposing couple 
is simply due to the earth's magnetism. In instrumeots of 
this class, no increase in the moment of the suspended ', 
magnet will increase the sensibility of the instrument— that 
is to say, it will not increase the deflection due to a givffl 
current — for by just as much as the deflecting couple is in- 
creased, by so much is the opposing couple also increased. 
The complete magnetisation of the needle therefore ii 
not of much consequence, and a change in the magneti- 
sation of the needle does not alter the sensibiUtj. A 
small, light magnet ivill also in this class of instruments be 
deflected through the same angle as a large, heavy oce,and 
will have the following advantages : isL That the small 
magnet will require only a small coil to surround it, and thai 
this small coil will for the same number of turns produce J 
more intense magnetic field (§ 8, Chap, VIII.) than the 
large one, and offer much less resistance than the laige 
coil, if made of the same wire. and. That the inertia of the 
small magnet being less relatively to the magnetic moinent, 
it will reach its maximum deflection more quickly, and will 
come Co rest more rapidly than the large raagneL It wiH 
also indicate transient currents which do not last long 
enough to deflect the large magnet 

§ 2. In a second class of galvanometers, tne couple oppos- 
ing the deSeclion is due not to magnetism, but to weij^ 
The magnet is pivoted in a vertical plane, ami has one end 
slightly weighted, so as to hang upright when undeflected. 
Jn these instruments any inciea.sc m livt \nTi^e.\.\<^ wament 
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: Llie magnet increases the sensibility, assuming the counler- 
.'lince or directing weight to remain constant Hence io ' 
' ic-e inslmments, to ensure the greatest sensibility the 
::iiedles should be magnetised lo satumtion, but, in order 
lu ensure constant sensibility, the magnetism of the needle I 
must remain constant, and these two conditions can rarely i 
M realized together. The vertical component of the i 
earth's magnetism exerts a certain directing force on 
owdles, but its effect is usually nearly .insensible in ( 
jiarison ivith that of the weight. These instruments are not i 
generally intended forthe indication of such small current 
as those described in § i. With very small magnets it i 
difficult to diminish the friction of the pivots and the counter- 
balance proportionately to the diminution of the magnetic 
moment. Hence in some forms of the second class it may , 
be disadvantageous to diminish the size of the needle. 

j 3. In choosing a galvanometer for any special purpose, 
*e must first consider the character of the circuit into which 
" is to be introduced. The introduction of the coil of the 
S^vanometer into the circuit will in all cases increase the 
distance of the circuit, and therefore diminish the current. If 
'i"? coil has a small resistance relatively to that of the other 
portions of the circuit, the diminution of the current will be 
Wiall, and may in some cases be altogether neglected; but 
"the resistance of the original circuit be small, the mere 
|Dtr(xluction of the galvanometer intended to measure or 
indicate the current may reduce that current a thousandfold 
T more. In all cases there is some advantage in using a 
fialvanometer coil of small resistance, but in order that a 
"roall current may produce a sensible magnetic field, it is 
desirable that it be led round the coil as often as possible, a J 
■condition antagonistic to the former. We can readily e 
'"4tfor circuits of small resistance the galvanometer giving I 
"le largest deflection will be an instmment having a coil . 
*^th few turns of thick wire; but for circuits of large resistance, 
Wlvanometers havino- thousands of turns oE ttivn \Aie >«\\\\!ft | 
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on the whole most advantageous. In some writing these 
two classes of instruments are spoken of as adapted to two! 
different classes of currents instead of to two diffeienti 
classes oi circuits. The instrument with numerous turns of; 
fine wire is said to indicate intensity currents, the other dassj 
to indicate quantity currents. These two old names survive, 
although the fallacious theory which assumed that there 
were two kinds of currents is extinct; the term 'intemty 
galvanometer ' is used to signify an instrument with thousan«Js 
of turns of thin wire in its coil, and ' quantity galvanometer' 
an instrument with few turns of thick wire, I shall uaroettM 
two varieties ' long coll ' and ' sliort coil ' galvanometers. 

§ 4. The student must clearlj understand that equal ii«-' 
flections on the same galvanometer always indicate eqiisl 
currents. These currents may be flowing through ysiy 
different circuits, and any given change may produce veT' 
different effects in the two circuits; but so long as tt»^. 
currents produce the same deflection in the same or eqoal 
gaJvanometers, the currents are equal, though the circiiit:^ 
may be very different. Thus, using a short coil galvanO'i 
meter having a resistance of, say, o' i ohm, and n*' ■ 
other external resistance in circuit, a thousand voltEi** 
ceUs in series will produce about the same deflection as on< , 
cell of the same kind. The thousand cells produce i,ooo , 
times the electromotive force. that one cell does, but the 
resistance of each cell, which we may assume as 4 ohms, 'S 
much greater than that of the short coil galvanomeier. 
Hence, the resistance of the thousand cells added to thit of 
the galvanometer will be about 1,000 times greater than thai 
of one cell added to the galvanometer, being 4ooo'i in 
case, and 4'i in the otlier. The resistance varies in nearly 
the same proportion as the electromotive force, and ther^ 
fore the galvanometer shows nearly the same deflectioi' 
indicating nearly the same current in the two cases, I" 
the example taken above, the thousand cells would g"* 
a deflection greater than that of the single cell in l""" 



■, XTII.] 



C/rt/iVi 



Jrtion of 41 to 40 nearly. When a long coil galv^ 
!Ier, having a. resistance of, say, S,oao ohms, is aa^ 
id, very ditTerent results follow. AVith one cell pcrhaj 
deflection is observable, whereas with one thousand ci 
needle is violently thrown against die stops iimiting its 
flecdon. The cause is simple. ■ With one cell the resii 
ice of the whole circuit, which will be 8004, including thai 
1 wire of the galvanometer, was so great that theJ 
»i. F. of one cell did not give current enough to deflect tha' 
le; but when a thousand cells were employed, ihM 
rotnotive force was a thousandfold greater, and thej 
e resistance of the circuit was 8000 + 4000, or 1 
i. Hence if the e. m, f. of each cell be taken as 



'It, the current in the first < 



,vill be ■ 



000125 I'ai^t's per second ; whereas in the second case^ 
will be - ' ■ °°° or o'o833, or about 666 fold greater, 
iple deflecting the magnet of the galvanometer will also 
666 fold greater in the second than in the first case, 
nirk, however, that neither current will be so strong as 
: produced when the short coil galvanometer was used; 
in that case, with a single cell the current would be - 

0'244 farad per second, or roughly three times that due 
the thousand cells as above ; nevertheless the couple ex- 
ed on the magnet of the long coil galvanometer would 
iar greater with o'o833 farad than that exerted on the 
t coil galvanometer by 0-344 farad simply because to 
duce the same couple the long coil galvanometer would 
? require about three times as many turns as the short 
H galvanometer, whereas in practice it would have several 
idred limes more turns. The greatest deflection with 
' given circuit is obtained by using a galvanometer, tht, 
5 of which have a resistance equal to ih.it of the othej 
5 of that particular circuit. 
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§ 5. The sensibility of any galvanometer the needle of 
which is directed by a magnetic field may be increased 
by diminishing the intensity of the magnetic field. The 
opposing couple is due to the intensity of this field, and 
by its diminution the deflection due to a feeble current 
may be indefinitely increased. This diminution of the 
intensity of the original magnetic field is most ea^y 
brought about by laying a powerful magnet near the gal- 
vanometer, in such a position as to counteract the earth's 
magnetism, i.e. in the magnetic meridian, with its north 
pole pointing north. This magnet, often called a com- 
pensating magnet, is best placed in the same meridian as 
the suspended magnet. As the intensity of the field 
diminishes under the influence of this magnet, the rate 
of oscillation of the suspended magnet diminishes, and by 
observing this rate we can determine the increase of sensi- 
bility. The period of oscillation is inversely proportional 
to the square root of the intensity of the field, and as the 
directing couple is directly proportional to this intensity, 
and the sensibility inversely proportional to the directing 
couple, we have the sensibility directly proportional to the 
squares of the periods of oscillation. So long as the 
magnetism in the needle of a galvanometer remains un- 
altered, its relative sensibility with the compensating magnet 
at different distances can be roughly computed in this 
manner; I say roughly, because the number of swings 
which can be counted is small when the sensibility is great, 
owing to the resistance of the air, and this resistance would 
also necessitate a correction in the above series of propor- 
tions. This method of obtaining a sensitive galvanometer 
has the following defect : Inasmuch as the directing field is 
due to a difference between two nearly equal magnetic fields, 
a very small change in the direction or intensity of either pro- 
duces a great change in the difference ; and as tlie direc- 
tion and intensity of the earth's magnetism is perpetually 
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= neatly impossible to keep tlie needle pointing at 
istant fiducial mark or zero, or with a constant sensibility, 
zero should be adjusted by a much smailer 
piet called an adjusting magnet, placed across the 
i of force of the magnetic field or pointing east and 
. and fixed so as to be capable of adjustment by 
a plane perpendicular to the magnetic meridian, 
^ with its centre in the meridian of the suspended mag- 
This adjusting magnet does not, when turned, ailei 
\ intensity of the field near the suspended magnet, but 
By alters the direction of the lines offeree. 
Tfhe suspended magnet in very sensitive instruments should 
Ihung by a single silk fibre, such as can be obtained from 
e-silk threads in a common silk ribbon. The viscosity and 
Kional elasticity of this fibre put a limit to the possible 

inution of directing force as described above. 
I 6. The most sensitive instruments employed are those 
i Asialfc galvanometers. In these instruments two 
magnets joined as in Fig. 93, with the north pole of one ^ 
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over the south pole of the other, form one suspended system. 
If the two magnets had exactly equal moments with axes 
precisely parallel, they would hang in equilibrium in any 
direction in any uniform magnetic field. The raometit of Q\\a 
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magnet always slightly exceeds that of the other, and by this 
excess directs the system, A single galvanoraeter coil may sur- 
round one needle, or, as is obviously better, each needle 
may have its own coll, the two coils being so joined that 
the current must circulate in opposite directions round the 
two so as to deflect both magnets similarly. In one 
common fonn of the astatic galvanometer, needles about 
a couple of inches long are used, and their deflection is 
observed by means of a pointer or glass needle, a b, Fig. 93, 
rigidly connected with the astatic system by a prolongation 
of the brass rod c D. This pointer oscillates over a gradu- 
ated circle, and its position is observed by a microscope or 
simple magnifying glass. The coils are made flat, of the 
shape indicated in Fig. 93. To allow the introduction of 
the needle, the top and bottom coils are made in two 
halves, placed side by side, with just sufficient space between 
them to allow the rod c d to hang freely. 

In Thomson's mirror astatic galvanometer, Fig. 94, the 
magnets are much reduced in size, being only about ^ in. long. 
They are connected by a strip of aluminium c D, and are fre- 
quently compound magnets, that is to say, the top magnet is 
replaced by four little needles, all magnetised to saturadon 
and placed with their poles in one direction while the 
bottom magnet is replaced by four similar little needles, 
having their poles also all placed in one direction opposed 
to that of the upper system ; the coils are made circular ; 
the upper and lower coils are each made in two halves, 
placed side by side. This arrangement gives the most 
sensitive galvanometer yet constructed. 

5 7. A galvanometer with a single magnet directed by any 
imiform magnetic field, and made with a coil large in 
diameter relatively to the length of the magnet hung in 
the axis of the coil, is called a tangent gaJvanontela; t» 
cause the tangents of the angles to which the needle is 
deSected by the currents are proportional to the cuirents 
causing the deflections. This law has been proved above, 
J, Chap. VIII, The best form at win^«vi.^isM\tKft.^^i^ 
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which there are two coils in parallel planes, Fig, 95, 
ed by a distance equal to one-half their diameter, 
lagnet, which should be short, is hung in the common 
'the coils half-way between them, 
object of this arrangement is to do away with the 
due to the sensible length of the magnet, and to 
lall deviation from a truly central position. 

deflection is observed by means of a light glass 
■ oscUlating over a graduated limb. 
A galvanometer, whether astatic or not, with mag- 
rected by any uniform magnetic field, and having 
lis constructed so as to be capable of turning on 
round which the magnet turns, is called a sine 
Mneter, because, if the coils be turned by hand so as 
' 1 a vertical plane parallel to that passing through 




jnet when deflected by a current, then currents 
ing the magnet to angles a and (J, will be to one 
H in the ratio of sin S and sin f), : this follows from 
Bsiderations explained in § 3, Chap. VIII. Sine gal- 
eters can be easily made much more sensitive than 
t galvanometers, because they may be astatic, and 
p the coUs may closely surroutid the magnet.^. "S\ve^ j 
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are inconvenient for many purposes, because Ein observatioo 
with them occupies a longer time than with any aim 
galvanometer ; each adjustment of the coils moves tiw 
magnet also, and many trials are necessary before per 
feet parallelism of the planes is arrived at This paral- 
lelism is attained by bringing a fiduual mark attached to 
the coils vertically under a pointer attached to the magnet 
A vernier is attached to the coils, and the angle throa^ 
which they are turned from the position indicated by the 
fiducial mark when no current was pasdng to that indicated 
by the fiducial mark when the current flows is read off on 1 
graduated circle. This can be done with great accuraq'. 
The coils are generally moved by a tangent screw. 

§ 9. The form of the coil in a galvanometer is not t 
matter of indifference. The coil may be too broad and flat; 
or it may be too narrow, to give the greatest intensity of 
magnetic field which can be produced by a given length of 
wire wound into a coil. For a given length and size of wire 
there is always one form giving the best effect This form 
has only been determined for the simple circular coil used in 
the minor galvanometer. 
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coils, is given by the following equation, due to Sir William 
Thomson : 

where X is the ordinate measured in a direction parallel to 
theajris of the coil, ^ the ordinate perpendicular to that axis 
and a the distance O B. The origin of the co-ordinates is at 
centre of the coil, where the magnet hangs. Fig. 96 shows 
the theoretical curve and a longitudinal section of a practi- 
cable coil. A portion of the area enclosed by the curve near 
the magnet is necessarily omitted to give room for the magnet 
to move; a practical approximation is made to the best 
form by winding the wire on a bobbin of the proportions 
shown, and filling with wire that portion which is cross- 
hatched. 




To get the best result the wire should not be all of one 
gauge, but should increase with the diameter of the coil, so 
that the cross section of the wire may be directly propor- 
tional to the diameter of the coil at each point : the resist- 
ance of every turn of the coil will then be equal It is prac- 
tically impossible to follow this plan rigidly, but three or four 
sizes of wire may very properly and easily be employed in 
winding a galvanometer coil. 

§ 10. Sir William Thomson has given the name oigraded 
galvanometer to an instrument constructed as above, and 
havbg also a moveable arra or lever by which one of the two 
terminals /, Fig. 97, can be connected by an arm a c. 
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hinged at c, with the several stops, i, 3, 3, 4, so as to 
include in the galvanometer circuit either the whole oC 
the wire, or J, or J, or \, but in all cases so as to use the 
most effiaent part of the wire for the degree of sensilalilr 
required The relative sensibility of each grade is eaalf 
determined by expenment, and is constant 

§ 11 Sir William Thomson has given the name of dead 
beat galvanometer to a mirror galvanometer having the 
following peculianties : — i. very light mirror, 2. four small 
ms^ets at the back instead of one of equal weight; j, 
the cell in which the mirror moves only just large enough 
in diameter to allow the mirror to deflect , 4. the front 

FiG.»S. 
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and back of the cell so i Ice is e^Lh separately to act 
as a btop, preientmg deflection of the mirror beyond the 
angle required to bring the spot of light to the end of the 
scale. The mirror docs not stcike the stops in actual use. 
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ih instruments so made the spot of light mov' 

I ins! deflection witliout oscillation being checked by the 

nscosity of the air. The same end is much less per- 

I fcctly attained in some instruments by a vane of light 

material hanging from the magnet. This vane sometimes 

dips in water, and Mr. Varley has made galvanometers in 

which the cell containing the magnet and mirror is full of 

\ water. 

{13, The Marine gahanonteter'is a. galvanometer adapted 
foruseatsea. It must be so constnicted that neither the 
motion of the ship nor the change of direction produces 
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^^^sible deflections. This result has been obtained by 
=1*7 ^villiam Thomson in the following way : The magnet 

^*^ mirror of a mirror galvanometer are strung on a 
'^'^^dle of straight silk fibres, stretched between a and e, 

'S". p8. The suspended system is balanced so thaX fe'i ^"Kl'^ 
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of the fibres passes tlirough its centre of gravity. A power- 
ful directing horse-shoe magnet, not shown in the drawing, 
embraces the coils, and serves to overpower the directive 
force of the earth's magnetism, the effect of which on the 
suspended magnet is moreover much weakened by a 
massive soft iron case, enclosing the whole system eveiy- 
where except at the little window d, by which the rays of 
light reflected by the mirror enter and return. An adjusting 
magnet N s is worked by a ratchet and pinion f. 

§ 13. The differential galvammaer has two equal coils, 
so arranged that when the same current or equal cuircnl! 
pass through the two coils in opposite directions, the 
magnet is not deflected. The effect of one coil is com- 
pletely neutralised by that of the other. The differential 
galvanometer is most easily made by winding simultaneous!)' 
two equal wires on the coil. These two wires are sometimes 
arranged in a sort of ribbon or plait, being joined by the 
silk used to insulate them. The accurate equality of ihe 
magnetic fields produced by the two coils is easily tested, 
for if a current pass from the battery first round one coil 
and then round the other in the opposite direction, it 
should, no matter how great its strength, produce abso- 
lutely no deflection. In most cases a small deflection will 
be observed, but this is easily remedied by adding a fe* 
Hums to the weaker coil. If after this has been done the resist- 
ance of one coil exceeds that of the other, a length ofwif^ 
can be added to the coil of least resistance, and placed i" 
such a position as not to tend to deflect the magnet; the 
instrument will then be in perfect adjustment. This is * 
very useful instrument, as wc shall see in a future chapter, 
for the purpose of comparing resistances. The coils ar^ 
sometimes made of German silver instead of copps^' 
German silver has a much greater resistance than copp^ff 
but its resistance varies much less with changes of tempera- 
ture. In differential galvanometers intended to be used in 
ciiruits otherwise of great icaistonte, fee ^.a^a-V resistance of 



Galvanometers. 



w 

fi-ii bmall importance, but the equality of the 
of the two coils is very important. 
"he sensibility of a galvanometer may be varied 
simple manner by the use of what is termed a 
. shunt is a resistance coil, or coil of fine wire 
iverl some definite portion of a current, taking 
3.1vanoraeter instead of through its coils. Thus let 
, represent the galvanometer ^^^ 

let s represent (he shunt. Let ^- 

Jiceof theshuntbejththat of 
IOmeter; then, of a total cur- 
ing from c to D, 9 parts go 
he shunt and do not deflect 
e, while i part goes through 
nometer: only -j'^th of the 
rent is therefore effective in 
the needle, and the deflec- 
losing a mirror galvanometer 
B only -^th of what it would 
had no shunt been used. Similarly by making the 
ol in resistance to ,'^th of the galvanometric coil, 
■the sensibility of the instrument to the rU^^ P^''^ 
jinal sensibility. Most galvanometers used for 
i^rrents are now sold with shunts = ^th, ^gth, 

of the galvanometer coil : by these the sen- 
the instrument can be varied looofold. The 
St be made of the same metal as is used for the 
should be placed so as to be as nearly as possible 
perature of the coils. Calling s the resistance of 
, and c the resistance of galvanometer coil ; 
the deflection without the shunt, and di the 
with the shunt, we have quite generally, with a 
itant current and assuming that the deflections 
the instrument are proporrional to the currents : 
d : d^ = c+S : S. 

remezabeied that addir^ the sVuiv^. 'N'fi \t\ iSi. 
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cases diminish the resistance of the circuit, so that unless 
this resistance is so great that the resistance of the galvano- 
meter forms no sensible part of it, the deflections will not be 
altered in the above proportion. Let r be the resistance of 
all parts of the circuit except the galvanometer. Then, if 
the E. M. F. remain constant, we have r + g as the total 

resistance when no shunt is used, and r + — 2-L when the 

G + s 

shunt s is used. The currents c and Ci will therefore be in 
the proportion of r + to r + g; and compounding 

G "T" S 

this ratio with that given above, we have for d and di de- 
flections due to a constant e.m. f. with and without the shunts 

dr : //i = R (g -f s) -f G s : (r + g) s. j 

i 
§ 15. Galvanometers intendedfor circuits of extremely small 

resistance sometimes consist of a single thick ring of copper. 
The cell or battery used with such a galvanometer as this 
jnust be of such construction as to have very small internal 
resistance, or no deflection will be observed. A Grove's 
cell {vide infra^ Chap. XIV. § 14) with large plates will give 
a current which can be observed with a single ring galvano- i 
meter. Galvanometers intended for thermo-electric experi- 
ments must have very small resistance, and are frequently 
made with twenty or thirty turns of No. 20 wire Birmingham 
wire gauge, the diameter of which is nearly 0*09 centimetres. 
The resistance of these galvanometers may be less than 
a quarter of an ohm. Galvanometers intended for use in 
circuits of great resistance are frequently made with wire 
of No. 30 or No. 36 B.W.G., corresponding to the diameters 
0*0305 and 00 1 06 centimetres, and the resistance of these 
galvanometers is frequently as much as 8,000 ohms. About 
half a yard of the No. 36 gauge copper may have a resist- 
ance of one ohm, so that the above resistance would require 
4,000 yards of copper wire. The resistance in itself is a 
defect, but it is impossible to get a large number of turns 
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M a smal] space without great resistance. It is very u 
mt that every coil of the galvanometer should be per-J 
insulated from its neighbour : if any two coils touch oq 
« connected tlirough the silk, they are, in technical lan-l 
age, said lo be short-circuited ; the current does not thena 
Wtound any of the intennediate turns, and the effect o 
ie is lost When there is no actual raetallic contact therfij 
pty be imperfect and uncertain insulation, and this is the^ 
W defect a galvanometer can have : its resistance becomes 
taeertain and variable; the shunts can no longer be dc-' 
iHided upon as equal to definite fractions of the resistance, 
r and the instrument is useless for accurate observations. 
I The bsulated wire should not only be thoroughly covered 
with silk, but should also be baked so as to be very dry 
I before being wound oo ; and after a few layers liave been 
, the bobbin should be baked again and dipped ii 
pote melted paraffin. When the coiling has been completed 
the whole coil should be again baked, and its resistance | 
fwnpared with the calculated resistance of the wire wound o: 

Contact between coils of a differential galvanometer ia 1 
obviously a radical defect ; and when two or more \ 
distinct coils are wound on the same bobbin, as it 
times done, these coils must be very carefully insulated, 
Sfrious errore in testing have arisen from bad insulation ] 
between different coils and different parts of the same coil. 
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S !■ Eleci-rometers indicate the presence ofa statical charge 
"'electricity by showing the force of attraction or repulsion 
"stween two conducting bodies placed near together. This 
'*"''^e, depending in the first place on the quaotity of electricity 
"'th which the conducting bodies are charged, ultimately 
^^Pends on the difference of potential bex-xeeiv 'ive.Ki-, a.iv 
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electrometer is therefore strictly an instrument for measuring 
difference of potential. It is used often simply to indicate 
the presence of electricity, but it does not measure quantity, 
and when used to compare quantities it can do this only 
because under given circumstances the diflferences of 
potential produced between the two conductors are propor- 
tional to the quantities on the bodies by which one of the 
conductors of the electrometer is successively charged 

The usual repulsion electroscopes have already been de- 
scribed. They are known as the pith-ball or Canton's electro- 
scope ; the gold leaf or Bennet's electroscope and the Peltier 
electroscope. Bohnenberger*s electroscope, which consists of a 
single gold leaf hanging between two symmetrically disposed 
knobs maintained one at a positive potential, and the other at 
an equal negative potential, belongs to a different dass, 
called by Sir William Thomson heterostatic electroscopes— 
or instruments in which, besides the electrification to be 
tested, another electrification, maintained independently (rf 
it, is taken advantage of. In Bohnenberger's instrument the 
independent electrification maintaining the two knobs at a 
constant difference of potential is produced by a kind of 
galvanic battery called a dry pile, consisting of thin plates 
of two metals soldered together, and separated by paper 
which remains very slightly moist in consequence of contain- 
ing some deliquescent material. Sometimes the metal plates 
are replaced by metals in powder adhering to the paper. So 
long as the gold leaf is neither positive nor negative, it is 
neither attracted to the right nor left ; positive electrification 
deflects it to the negative knob, and vice versd. 

A modification of Bohnenberger*s electroscope. Fig. loo, 
may be made, in which the heterostatic charge may with 
advantage be given to the gold leaf, instead of to the twro 
s)nnmetrically disposed bodies a and b. Any difference of 
potentials between a and b will be indicated by the attrac- 
tion of the gold leaf to one side. The higher the potential 
of the gold leaf the moie sensvUN^ tive instrument The 



I.I 

K 




I. The most perfect form of heterostatic electrometer yet 
ructed is Sir William Thomson's quadrant electrometer, 
is insD-umewl Ifte Bolmenberger's go\d\eaS'^5 \fe^Jia!;R&. 
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by a very thin flat aluminium needle, u^ shown in plan, Fig. 
lo I, and (to a smallfer scale) in elevation, Fig. 102. This flat 
needle spreads out into two wings, shown dotted in the plan, 
* and is hung by a wire s from an insulated stem q inside a 
Leyden jar. This Leyden jar contains a cupful of strong 
sulphuric acid, the outer surface of which forms the inner 
coating of the Leyden jar. A wire z, stretched by a weight, 
connects u with this inner coating. 

A mirror, hidden in Fig. 102 by the metal cover /, 
is rigidly attached to the needle « by a rod. The minor 
serves, as in the reflecting galvanometer, to indicate the de- 
flection of the needle u by reflecting the image of a flame 
on to a scale. The needle u hangs inside four quadrants, 
abed, msulated by glass stems, / /j ; the quadrant a is in 
electrical connection with d, and c is in connection with ^, 
as shown in plan. Above and below the quadrants two 
tubes, v and «*, at the same potential as «, serve to screen u 
and the wires in connection with it from all induction ex- 
cept that produced by the quadrants abed. These quad- 
rants replace the bodies a and b in the elementary form, 
Fig. 100. Let us suppose u charged to a high negative po- 
tential — then, if the quadrants are symmetrically placed, it 
will deflect neither to the right nor to the left, so long as a 
and c are at the same potential. If e be positive relatively 
to a, the end of u under c and a will be repelled from a to ^, 
and at the same time the other end of u will be repelled 
from d to b. The motion will be indicated by the motion 
of the spot of light reflected by the mirror. Moreover the 
field of force produced inside the quadrants is sensibly 
uniform just over the narrow slit separating them, so that 
the deflection will be sensibly proportional to the difference 
of potential between a and c. The number of divisions 
which the spot of light traverses on the scale will therefore 
in an arbitrary unit measure the difference of potential 
between a and c. This instrument is therefore an electro- 
meter, and not a mere d^cUosco^e. Two terminals/, of 



which only one is shown in the drawing, serve to charge »fl 
and c : they can be lifted up out of contact with a and c after 
charging them. A third terminal, /, serves to charge the 
Leyden jar. It is usually disconnected from tlie inner coat- 
ing by being turned back, so that tJie tongue ii is discon- -_ 
nccted from the metal rod behind s. J 

With good glass, carefully washed in distilled water and(fl 
dried before the fire, before beine filled with sulphuric acid,fl 
theLeyden jar can be made to insulate so well as not to lose a.B 
'[uarter per cent, of its charge per diem. Sir William Thom^S 
son adds a little inductive electrical machine inside the JaT^ 
(5 I, Chapter XIX.), by which the charge can be increased 
or diminished at ivill, and also a gauge by which the 
constancy of the charge can be measured. An instrument 
of this class may be made so sensitive as to give a deflection . 
of roo divisions for the difference of potential between zincJ 
and copper. I 

§ 3. The essential parts of Sir William Thomson's/iirfai/c \ 
electrometer are shown in Fig. 103. ^ is a Bat insulated 
disc to which the charge to be measured may be communi- 
cated. ^ is a second insulated disc, having an opening at 
the centre filled by a very light aluminium plate/, supported 
by a stretched wire i i, and carrying an index arm below 
the plate A. This plate and wire are shown in Fig. 57, 
p. 100. If now g and A are at the same potential, there 
will be no charge on the opposed faces, and/ will neither be 
attracted nor repelled byj'. If a chargeof electricity be com- 
municated to ^ or A, so that the potentials dificr,/ will be 
attracted or repelled by g, and the consequent motion can be 
read by observing at / the position of a little hair, fixed to the 
index arm. Unless, however, the charges on g and A are 
very great, the forces will be very small, and this arrange- 
ment would offer little advantage ; its sensibiUty is enor- 
mously increased by the following device :— A considerable 
permanent charge is given to A, which is maintained in 
pcrrnanenl connection with a highly charged perfectly 
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insulated Leyden jar; then if ^ be in connection williliic 
earth, a charge will be induced on g, and /will be alCracWd 
by that charge with a very sensible force. Let the torsion of 
the wire /i be adjusted so as to depress /or elevate the Imt 
near /, then there will for a given potential of Abeone distance 




between ^ and ^, at which the electrical attraction willjost 
jalance the torsion of the wire. The distance of the pliW 
g from the plate h can in the instrument be adjusted bf * 
fine screw, and this position is read off by a divided scale and 
vernier. Let^nextbe disconnected from the earth and con- 
nected with the body the potential a of which is to be tested, 
Le, compared with that of the earth — a new charge will be 
inducedon^proportional to the difference between the poten- 
tial of ^ and a; if Abe posirive, assuming thepotential of^to 
be positive also, the charge will be less than that due to the 
earth, andplate^must be lowered. If, on the contrary, A b* 
negative, the charge will be greater than that due to the eattbi 
add to bring the hair at / back to its fiducial mark g will hsrt 
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w be raised — the difference of potential between a ant! the 
«nh will be proportional to the distance through which g 
is moved ; for, from § 7, Chapter V., we have/ = — — ^j ; 

"here v is the difference of potential between two plates at 
idistancefl. When /is at the fiducial mark, /determined 
jy the torsion of the wire is constant, and the quotient 
j = - must also be constant, so that the difference of po- 

eniial v roust vary in direct proportion to the distance a 
■etween the plates, in order to balance this constant force- 
Each 100th of an inch corresponds therefore with a given 
potential of the plate // to a perfectly definite and constant 
lifierence of potential, so that if with one body a the disc g 
equires to be raised 001 above the position when ilie 
arth reading was taken, and with a second body b the same 
ilate requires to be raised 01 above the same position, we 
aioH that the potential of b is ten times that of a, both 
lotentials being above or below that of the earth. By 
naking the potential of // in alt cases large, the distance a . 
lay also be large for a constant force /, and a great range 
'f measurement is thus combined with great sensibility. 

The plate A k forms part of the inner armature of a 
-eyiien jar, the glass of which is lettered in m ; the micro- 
Oeter screw b serves to raise and lower the insulated plate g 
'y means of a slide which need not be specially described 
'ere. The position of^ is read off bya vertical scale not shown, 
till further subdivided by the divided ring at y ; the plate^ is 
onnected with a terminal s, shown in Fig. 103a, projecting 
'utside the Leyden jar through an opening in the case. This 
°d / serves to charge the plate g, and is usually covered 
^th a cap, t, of special form, intended to prevent the influx 
r efflux of air. When the instrument is not in use, the 
■ip / is pushed down, closing the Leyden jar entirely, 
^hen the instrument is in use, the cap f is raised, and 
eing then wholly insulated it serves as the Vcroo'ai 'o-j 
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which to charge g, A lead case for pumice stone and 
sulphuric acid is placed inside the Leyden jar to dry tiie 
air. The Leyden jar can be charged by an insulated 
rod, introduced temporarily through a little opening pro- 
vided for the purpose in the top of the case. When the jar 
is once charged this hole is closed by a screw. When pro- 
per glass is chosen for the jar, well washed with distilled 
water, and dried by evaporation before the fire before being 
finally closed, the Leyden jar will not lose \ per cent of its 
contents per diem. Care must be taken to remove the pu- 
mice stone once a month and bake it, otherwise the sul- 
phuric acid diluted with water attracted from the atmosphere 
will overflow and spoil the instrument. The difference of 
potential produced by the contact of zinc and copper may 
be detected on this instrument, and the electromotive force 
of 20 or 30 DanielFs cells can be measured with considerable 
accuracy. The value of each division of the instrument 
alters as the charge in the Leyden jar varies. The instru- 
ment is not an absolute electrometer, but is used to compare 
potentials as galvanometers are used to compare currents. 
It is specially adapted for experiments on the potential of 
the atmosphere. If a burning match be attached to the 
terminal s^ the plate g is rapidly brought to the potential of 
the air at the point where the match burns. The instrument 
is held in one hand, the position of the hair at / relatively to 
tlie fiducial mark observed through the magnifying glass, and 
the plate g adjusted by moving the screw head w. In the 
manufacture of the instrument so much torsion should be 
given to the wire as will just leave the plate f in stable 
equilibrium when / is at the fiducial mark. When very little 
initial torsion is given, the directing force of the wire varies 
very rapidly with the increased angle through which it is 
turned by the attraction or repulsion of plate f^ and the 
equilibrium is then very stable. As more initial torsion is 
given, the change of directing force due to a deflection fix)in 
the fiducial point is less, and the equilibrium may easifybc 
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e quite unstable The tofsoo tised shoold be a Itttk 
\ tlian th^t giving tnstabili^ibt ifac Imrcsl poalkni in 
' h;»-ill be used. 

. The absolute electrometer is an tnstnuaent mncfa 
fc the portable, but on a laiger scal^ and so anai^ed that 
I actual force on the moreible disc can be measured. 
1, calling V and Vi the two difierences of potentials vriiich 
p the same force f with the two distanoes a and d, be- 
ben the parallel plates, and calling a the area of the move- 
e plate, we have 

t which equation the difference of potential v — v, is 
Ten in absolute electrostatic units : from measurements of 
\ kind we can detennine the constant multipliers required 
t the indications of a quadrant or portable elec- 

meter into absolute 
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L The simplest form of galvanic cell practically ii 

of a plate of zinc and a plate of copper, immersed 

i water slightly acidulated by tlie addition of a little 

Iphuric acid. The zincs and coppers are generally 

Hered together in pairs, and placed in a long stoneware 

Lss trough, divided into separate cells by partitions as 

n in Fig, 104. This battery is made more portable by 

; the cells with sand, which supports tiie plates and 

ivents the liquid from splashing about when the trough is 

In this form it is called the common sand battery, 

copper is advantageously replaced by platinum or 

ptinieed silver ; this battery without sand is tKe.w tec's'^ 



I 



2 1 2 Electricity and Magtielism. [Chaf. k 

as Sme^s battery. The rough surface of the deposit 
platinum seems lo have the effect of diminishing polail 
tion. Fig, JCJ5 shows a common form of one cell 




Sraee's battery ; the plate of platinized silver hangsfi 
wooden bar between two plates of zinc amalgamated ^ 





mercury ; the brass terminals serve to hold the three pltf 

together. 

In Walker's battery the copper is replaced by graphitet 
5 2. The following are the chief merits of a galvanic cS 

1. It should produce a high electromotive force. 

2. It should have small and constant internal reststanc 

3- Its electromotive force should be constant whethd 
be employed in producing a large or small currenL 

4- The materials it consumes should be cheap. 

5. No materials should be cQTis.Mmed except when tfc 
^ttery is employed to prodacft a, oi.Tterti_ ^J( 
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I 6. The form shovild be such that the condition of tl 

b can easily be seen, and fresh materials added 
ftiuireci. 
J No one battery combines all these advantages i 
■fetest degree, and the special requirements of each case 
Tould guide us in the choice of the design to be preferred for 
1"/ given purpose. 

5 3. No single-fluid cell can give a constant electro- 
motive force because of the polarization of the plates, § g. 
Qiapter IV. The electromotive force due to the metals 
1 the batteries above described diminishes with extra- 
dinary rapidity as soon as the poles are joined, especially 
iien the current flowing is considerable. 1'his diminution 
■jdue to an opposed e. m. f. consequent chiefly on the 
Kence of free hydrogen on the copper or platinum 
; eflect of gases iu setting up an electromotive 
eis easily shown by the voltameter, Fig. 41, p. 67. Let the 
s A and B be joined by a wire, part of which is the 
. of a galvanometer. A current will be perceived 
bosed in direction to that which decomposed the water; 
ime from the hydrogen, through the water to the 
This current is accompanied by the recombina- 
ii of oxygen and hydrogen forming water. The direction 
*the current from this gas cell is such as would be pro- 
duced if hydrogen were a negative metal electrode, and 
'"tygen a positive electrode, as shown in Fig. 1050. 
Provided the oxygen and hydrogen have no chemical 
'ffiriity for the metal employed to join them, this metal will 
'''ive no effect on the e. m. f. of the gas cell ; the hydrogen 
P'ays the part oi the zinc plate, being oxidised by the 
"^ter, and the hydrogen set free appears at the positive 
'-'ectrode (ouygen) and combines ivith it. The fact that 
^'Ifdtogen and oxygen joined by a metal conductor will 
recoaibine, whereas when simply in presence of one 
another they will not recombine, is probably due to the 
i^lectromotive force set up at the junclion bet-stOTL ■&« 
metals and the gases Thus the junctioTv ■bctHceu 
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platinum and hydrogen makes the hydrogen positive; the 
oxygen is either less positive or negative : thus the difference 
of potentials produced by the contacts tends to produce a ■ 
current from the hydrogen electrode to the oxygen elec- 
trode through the water, and this would decompose the 
water, sending hydrogen to the oxygen electrode, and 
oxygen to the hydrogen electrode. The result is, that the 
decomposition of the water is balanced by the recomposi- 
tion at the electrodes, and the gas gradually absorbed. 
The whole of the gas cannot be thus absorbed consistently 
with the theory of dissipation of energy. The above 
illustration of the action of the gases certainly is not a 
complete or accurate hypothesis. If it were, the electro- 
motive force of the gas cell or polarized platinum plates 
would be constant, whereas it is much increased if the 
decomposition of the water has been effected by a high 
E. M. F., and gradually diminishes as the recombination of 
the gases occiurs, as we should expect from the theory of 
dissipation of energy. 

The electromotive force called up by the deposition of 
gases on electrodes is within limits nearly proportional to 
the E. M. F. employed in producing the deposition. This 
is most clearly seen when the electrodes are so formed that 
the gases cannot easily escape — ^when, for instance, the 
electrodes are small surfaces of metal, surrounded by an 
insulator, such as are produced by boring a hole so as to lay 
bare a small portion of the copper of a guttapercha-covered 
wire. We may, perhaps, conceive the high E. m. f. produced 
in reaction against ^ great decomposing e. m. f. as due to the 
decompositions of a row of molecules forming a number of 
gas cells in series imperfectly insulated from one another. 

§ 4. The sand battery is the worst of all batteries as regards 
constancy of electromotive force, the polarization being 
greater in this battery than in any other because the gas 
cannot readily escape. The common copper and zinc cell 
is the next in order of demeivx, \\s ^\^cx\^TBodve force can 
at any time while \t is pioducm^ ^ cxxrwxsx \i^ ^psaSij^^Sf 
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creased by mechanically brushing the gases oif the metalf 
or eren by shaking the battery. The Smee battery is betl 
ihan the copper zinc battery because it is found that hydrogi 
does not stick to the fioeiy divided platinum on the surfai 
of the plates so much as to the copper. The carbon 
graphite plate in Walker's battery performs the same func- 
lion of facilitating the liberation of the free hydrogen. 

When any of these single fluid batteries are left with tlie 
electrodes free or insulated so that no current passes, the 
full electromotive force is gradoally restored, partly b)- the 
liberation of the hydrogen, partly by its recombination 
with oxygen. The process of restoration may be 
by passing a current through the cells against their e, m. p. 

For some purposes a constant current is not required 
— for instance, where batteries are employed to ring bells ii 
houses or on railway lines they have long intervals of 
repose ; for such purposes single fluid batteries are s 
employed en account of their simplicity. 

§5. The manner in which the electrolyte employed, i; 
cell modifies the electromotive force in an unclosed circuif^^ 
according to the contact theory, has already been explained. 
(Chap. H. § 22.) When the circuit is closed the same 
electromotive force exists so long as the surfaces in contact 
remain unmodified ; it is easy to see by the contact theory 
ihat considerable changes may be introduced by what 
called polarization, i.e. by the deposition on the metallic 
surfaces of electrolysed substances. When no such chang( 
occurs, the change of potential at each surface of separati 
is the same in the closed as in the unclosed circuit Callingf.l 
El, Ej, Ej, &C. the successive values of the e. m. f, at 
surface, the whole current c= — '- — , where the symbol J 

denotes that all the successive values of e or r have beer 
added. If now any part o of the circuit be brought ti 
potential zero, the potential of v at any point a is equal ti 
^ ' ■ +-Sy^ where 2J means that the SMnsn'i'ici'tt ol ■< 
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several values of r aDti of e is made between the 
and a. The value of e is positive in each case when ffii' 
change at the surface of separation in question inaeases ibe 
difference of potential between a and o. 

But in § 8, Chap. XI. another theory was explained by 
which the eieciromotive force ofabatteiy could be calcu- 
lated simply from the chemical action in the eel!. In order 
that these theories may be consistent, a certain relation 
must exist between the electromotive forces due to contact 
in the circuit and the thermal equivalent of the chemical 
actions in the cell. This relation may be stated as follows: 
Consider a single fluid eel! of three materials c, a, z, of 
which A is the electrolyte; let E„i, e„, E„be the three electro- 
motive forces at the three surfaces of separation ; theabjlhe 
paragraphs already cited we have E|,4+Ejj+Eio=j .S,(fe 
when 2 , 0( signifies the sum of the quantities of heat which 
would be generated and consumed by reactions equal ti 
those which take place in the cell per unit of time when dw 
unit current is passing. 

The following consequences are deduced from this lawi" 

1. The difference of potentials between any two metal? 
C and z not in contact plunged in a cell with one or rcore 
fluids is equal to the difference j(S. %i)—-s.^; hence tHe 
electromotive force of any combination, although it may l« 
calculated by the contact theory, really depends wholly o" 
the chemical action; for the effect of the electrolyte is simpiy 
to increase or decrease the e. m, f. due to the contact be- 
tween the metals by just so much as is required to give the 
E. M. F. determined by the chemical theory. 

2. With a given electrolyte the metals may be ranged i" 
contact series, so that the electromotive force between any 
pair (in an tncompkU cell) will be equal to the difference 
between the numbers affixed to each metal in the series- 
The numbers for this series might either be directly observed 
or they might be deduced for groups of three metals fro"' 
ofiserred electromotive forces d\ie lo three combinations of 

e &atQ^ metals in paiis mfe fee e\etttdc>i\.s 
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Buence follows from the contact theory unaided by the 
■ctro-chemical theory. 

M. Let the electron) otive force of a complete cell c|a1z|c 
F known, also that of f|a1z|f, where the terminal metal is 
bnged; then the electromotive force of the complete cell 
WFJc, composed of the same electrolyte and the two 
Eninal metals, is equal to the difference between the two 
Iters. It need hardly be remarl^ed that c|a|f|c=— f|a|c[f. 
b> The difference of potentials between any two metals 
Khd z plunged in a single electrolyte a must be equal to 
fe(,— Soto) — Ejo, where H, and *,are the values proper to the 
pctioa which takes place between z and a when z is the 
Igative metal of a cell, and fl^'n the values when c is the 
Kative metal of a cell, with the same electrolyte. For let 
fe two metals be used in two cells with a third metal p 
kh that in both cases p is the positive metal which is noi 
Backed. Then the change in the electromotive force of 
K complete cell is simply the change in the chemical action 
I j{fifi— ^ofo), and hence the change in the incomplete cell 
nst be that stated above ; but this change in the e. m. f. 
fee to the substitution of one metal for another must by 
K second corollary be the electromotive force of one 
fetal relatively to the other when they are both in one 
pution. It follows that if no chemical action takes place 
fc^i— ^o^o)— Eci=o; or the electrolyte if it attacks neither 
Kta] must act as a solid conductor. 

tj. With different electrolytes the contact series of the 
fetals will differ, inasmuch as the differences between flt for 
B same pair of metals will be different for different re- 

K. The degree of concentration of a solution used in a 
■1 can only affect the e. m. f. so far as it changes the value 
bOi for the same reactioa Since a change of concentration 
Bes affect to some extent the value of the e. m. f. it appears 
Bfollow that the work required to produce a given reaction 
bies with the degree of concentration. 
fe. J^o change in the electromotive loice tjl a, «ft. caa. 
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result from the substitution of one thoroughly inert subsiamx, 
if there be such, for another as the positive pole. Calling Kh 
the electromotive force of the surface of the inert substance, 
and the active metal and k„ the electromotive force between 
the electrolyte and the inert substance, i 
be constant with all metals. If with apparendy inert sub- 
stances some change does result, it proves that the substance 
is not inert. 

8. The presence of any inert substance in the electrolyte ' 
cannot change the e. m. p. of the combination, but migh' 
possibly change the distribution of potential. 

g. Polarization must be accompanied by a change ii 
chemical action. On the contact theory it is easy to see bo* 
polarization changes the e. m. f. Thus it is common tc 
that in the simple copper zinc cells the ccpper is plaiedwilk 
hydrogen. The presence of hydrogen changes the setiKO* 
surfaces in contact, and by corollary 4 the difference between 
a cell with hydrogen and a cell with copper for instance w' 
be equal to j((J'f'— e".")^E,„ where fl't' and 6 
quantities of heat corresponding to the combination of an 
electro-chemical equivalent of hydrogen and of copf*^ 
respectively with certain elements of the electrolyte, and Bwi 
is the electromotive force due to copper and hydrogen; bul 
in order that this difference may not be zero the sum of J^' 
throughout the cell must be changed ; since polarizalio'' 
does alter the E, M. F. of a cell, this proves tiiat the dis- 
engagement of free hydrogen against a surface of nasctPt 
hydrogen attached to a metal requires a, different amoW" 
of work from that required to deposit nascent hydroge" 
on the metal. While polarization is proceeding one of the 
series of chemical actions in the cell is the formation o* 
an amalgam of hydrogen with the metal plate; whenth 
no longer continues, the e. m. f. becomes constant The 
action between the hydrogen and the clean metal assists ih* 
current, and its intensity dies out as the metal becoW** 
•aturated. When the current ceases the affinity of what in*)' 
med the amalgaiaa,teii \i5dio?,e.Ti let xiisi wq^ia,^ ' " 
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•X overcomes the affinity of the hydrogen for the metal, 
and a reverse current ensues. This current becomes weaker 
Mid weaker as the hydrogen leaves the metal, for its affinity 
(ifthe word may be used) increases as the metal becomes 
less and less saturated. The equivalence betw 
current produced by polarization and the work done in 
producing polarization by a current is obvious on this 
hypothesis. 

10. Very considerable changes in the e. si. f. of contact 
bstween two metals result from a change in their molecular 
condiiion or tempering or state of crystalHsation, but these 
differences will make very little change in the e. m. f. of the 
circuit, being almost wholly compensated by the change in 
the differences of potential at the surfaces separating the 
Electrolyte from the metals. They would be exactly com- 
pensated if the work required to produce the given chemical 
reactions in the cell were constant, but where the molecular 
condition of the metals varies, this work will not be quite 
constant. 

§ 6, The true absolute values of the electromotive force 
produced by unpolarized single fluid elements are not 
accurately known, and owing to the potarizarion produced 
ty any current cannot be determined by galvanoraetric 
observations. This is of less consequence, because, not 
being constant, the value of this electromotive force could 
not be used in any formuliE depending on Ohm's law. The 
avdlable electromotive force in a Smee's element is about 
O'47ofavolt. 

The solution employed has little effect 00 the electro- 
")otive force, but has a great effect on the resistance. 
Pute water has a much higher resistance than any of 
'he solutions employed in batteries : hence a cell with pure 
*iler or nearly pure water will give only a very feeble- 
ranent through an external circuit of small resistance j 
when salt, or sulphuric or nitric acid are added, the current 
IS increased at once. This is due merely to vhe ii«n^e\-n 
t^e coCaJ resistance of the circuit, not to Mi^ \,i\cie.».'aa a'i. 
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electromotive force. A solution of sulphuric add ind 
water containing thirty per cent of sulphuric add has a 
smaller resistance than a solution with either leas or mote 
sulphuric acid ; but, when used to chai^ a battery, it gives 
rise to useless oxidation of the zinc — useless because it 
produces no current outside the celL Much weaker 
solutions, of about one pait in twelve, are therefore com- 
monly employed ; solutions of common salt and of sulphate 
"of zinc are also employed to charge the battery; the fiist 
because of its small resistance and the second because the 
action of the cells causes no change in the constituents of 
the solution. 

§ 7. Some useless oxidation of the zinc or other electrode 
which is consumed in the cell almost always occurs, and 
is due to what is called local action. This local action 
arises from inequalities in the condition of the zinc exposed 
to the liquid. These inequalities cause certain points of the 
zinc to be electro -negative to certain other points. These 
points being in metallic connexion through the mass of the 
zinc constitute with the fluid a galvanic cell of small e. m. f., 
but also of very small resistance, and a current is produced in 
a local circuit as indicated by arrows in Fig. io6 : that portion 
of the zinc which is most electro -positive is eaten away, 
and the current produced is con- 
fjc ifA fined to the cell, and cannot be 

utilized This local action is 
very much increased by dimi- 
nishing the resistance of the 
fluid It is much diminished by 
amalgamating the surface of the 
zinc 1 his is done by cleaning 
the surface of the zinc plates 
with dilute sulphuric or hydro- 
chloric acid, and then rubbing a 
little mercury over the surface 
, with a brtish The surface being then composed of a uni- 
form material not suscepUUe o?. ft^wa Sffi««tvwa lAMeoss^ 
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' described by the words ' hard " and ' annealed ' is not attached 
by the so!urion until the external circuit is dosed r no zinc 
IS consumed except in producing useful currents. Several 
'Lirms of battery are in use in which the zinc plate is kept 
I'ernianently in contact with a small supply of mercury. 

§ 8. Single fluid batteries are subject to another incon- 
venience besides that of polarization ; the solution usually 
foiployed cannot by any convenient means be kept in 
uniform condition. For instance, the sulphuric acid used 
I'l most forms of the ceU is gradually used as well as the 
^inc, so that the resistance of the battery is perpetually 
"icreasing, and the cell requires from time to time to be 
'eTreshed, as it is termed, by the addition of sulphuric add. 
■'''lagie fluid batteries are subject, therefore, lo three defects : 
''■>eir electromotive force is enfeebled by polarization; it is 
"ot constant ; and their resistance is not constant. 

§ B, All these defects are remedied in the two fluid bat- 
'^«nes, of which the Danicirs cell vas the first invented, and 
'* a good typical example. In the most constant form of 
""^is cell, the zinc is plunged in a semi-saturated solution 
** sulphate of zinc, the copper in a saturated solution of 
^'^Iphate of copper, and these two solutions are separated 




either by a porous earthenware barrier or by taking advan- 
tage of the different specific gravities of the two solutions. 
Pig. 107 shows three Dan i ell's arranged mlW ■^QtoMS "i^Va, 
^te "sed in telegraphy. The glass ttou^ ft. h.Via ^i_ 
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' partitions b b, whi'cli separate it into distinct cells, insulated 
from one another. In these cells stand the porous eaidien- 
ware pots e e e, containing a saturated solution of sul- 
phate of copper, and sur- 
rounded by a semi-satu- 
rated solution of sulphate 
of zinc. A thick phte 
of zinc is joined by a 
connecting strap to a 
thin plate of copper at 
D D J the coppers stand 
in the porous cells, the 
zincs in the sulphate of 
rinc The terminal plaie 
of copper c forms the 
positive pole of tlie bat- 
tery, and the temiinal 
zinc z has a copper wire 
soldered to it, whidi 
forms the negative pole. 
In one common form, 
called Muirheads, and 
shown in Fig. loS , the 
glass trough a a cont^ns 
ten cells, which stand 
inside a teak case with a 
iid, through which gutta- 
percha-covered wires 
pass at the ends. Crys- 
tals of sulphate of coppCT 
of the size of a hazel 
nut are placed in the 
porous cells to maintain 
tlie solution in a satu- 
rated condition. The copper connecting strap is cast in the 
zinc, having been tinned to euFwe adKeaion. The platei 
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may be four inches !oug, and two indies wide, and the 
copper plates about four square inches. The zinc should 
hang on the upper part of tlie cell, and not reach to the 
bottom. 

§ 10. The chemical action in the Daniell's cell when in 
perfect working order has already been described, chap. xi. 
5 g ; the result of the series of actions there described is 
that the sulphuric acid and oxygen of the sulphate of zinc 
are transmitted to tlie zinc, combine with it, and form freshi 
sulphate of zinc; the sulphuric acid and oxygen of the sul- 
phate of copper are transmitted to the zinc, set free by the 
above process, and reconvert it into sulphate of zinc ; the 
copper of the sulphate of copper is transmitted to the copper 
electrode, and remains adhering to it. The whole result 
is therefore the substitution of a certain quantity of sul- 
phate of zinc for an equivalent quantity of sulphate of 
copper, together with a deposition of copper on the copper 
or negative electrode. Sulphuric acid and oxj^en have a 
stronger affinity for zinc than for copper, otherwise thei 
would be no source of power in the substitution. 

The result differs in two material respects from that given 
by single fluid batteries, i. No free hydrogen appears at the 
copper electrode. It is impossible to say whether water is 
or is not decomposed at some stage of the process, but if 
it is, the oxygen and hydrogen recombine without becoming 
visible. In the single fluid batteries described, the oxygen 
of the decomposed water combines with the zinc or other 
electroposidve metal, leaving the equivalent of hydrogen 
free. In the Daniell's cell no oxygen is required from the 
water, the supply coming from the sulphate of copper. 
Consequently no free hydrogen appears. z. It is com- 
paratively easy to keep the solutions in a sensibly constant 
condition. The sulphate of copper solution is maintained! 
by the presence of crystals of sulphate of copper. The 
sulphate of zinc solution, if it be saturated in the first 
instance, simply deposits the sulphate of i.\nc 'mVi\c-K \s, 
■iimaed. PracticaJJy it is found bettct to ■wo^ '»«'^ "^sa^ 
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saturated solution of zinc, because a crust of sulphate of zinc 
crystals forms at the edge of the saturated solution andtiiis 
impairs the action of the battery if it touches the einc, and 
injures the insulation of the battery by forming a conducdng 
film all round the edges of the cell, and on the copper junc- 
tion straps. 

§ 11, The Daniell's cell will give a constant electiomotire 
force, and retain a nearly constant resistance, for weels to- 
gether. To ensure this result, the following precautions most 
be taken : 

The solutions must be inspected daily and kept in thepropo 
condition by the addition of crystals of sulphate of copper and 
the removal of sulphate of zinc solution, water being added 
to replace the liquid withdrawn. No sulphate of zinc or din 
must be allowed to collect at the lips of the cells. The line 
plate must not touch the porous cell, or copper will Ik 
deposited upon it, which will set up local action. The 
sulphate of copper must be free from iron. To detect 
iron, add liquid ammonia to the solution ; both copper and 
iron will be at first precipitated, making the solution appeal 
cloudy; but as more ammonia is added the copper will he 
redissolved, forming a bright blue solution, and leaving the 
iron as a brown powder. No acid should be used to set 
the battery in action ; it should be chained with sulphate of 
zinc from the first (unless a very low resistance, not con- 
stancy, be the object in view). The plates should be clean. 
Copper plates, if dirty, may be cleaned by being made red 
hot, and dipped in weak ammonia. The card used m 
cotton factories is a good brush for batteries. Porous cdl* 
must be examined to see that they are not cracked ; if sel 
aside for a lime after being used, they must be kept rooist, 
or the crystallization of the sulphate of zinc they contain 
will crack them. The solution of sulphate of copper must be 
watched to see that it does not rise in the porous cells SO 
high as to overflow the edges. This action by whi™ 
//quid is drawn from one side qC the porous diaphragm W 
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the other is called osmose. The resistance of the 
described above with very porous Wedgwood pots may 
perhaps not exceed 4 ohms; 6 or 10 ohms is a much 
more common resistance. 

5 12. The various constructioas of Daniell's cell are v 
numerous. When the cells are large, a separate glass o 
earthenware jar is generally used for each cell. The poroUB 
celis are cylindrical, and the zincs and coppers are I 
parts of cylinders. Sometimes the zincs and sometimes* 
the coppers are placed inside the porous cell ; but thSj 
7.mc should always be in the largest receptacle. Sometime* 




the copper electrode is made the jar to hold the sulphs 
of copper, the zinc being then inside the porous cell, 
form of cell cannot be recommended, as the copper is fi 
quently eaten away at the corners and allows the liquids 1 

A more distinct fomi of the Daniell's cell is that in which 
the porous cell is replaced by xawdust; the copper lies at 
the bottom of the cell covered by crystals of sulphate of 
copper ; on this sawdust is placed, moistened with the 
copper solution at the lower part of the cell and ivith the I 
z solution near the top of the cell. Ovi the to^ Cii sOi. 'aguM 



^■m 



-26 



Electricity a»d Alagnetiss. 



[Ck; 



the zinc plate. This form of battery was first used by Sir 
William Thomson, who made the lower coppers in the form of 
trays, which rested directly on the zinc of the cell beneath. 
This form would be very convenient for plates of large size, 
if the copper were not occasionally eaten through. This 
defect he has remedied by making tlie trays of wood covered 
■ witlilead, electrotyped with copper at the bottom. Fig. 109 
shows three of these square trays, in which the zincs 
forty-one centimetres long and broad. The trays are sereu 
centimetres deep inside. The resistance of one of these 
cells is about 0-2 ohm. 

The zinc is made in the form of a grating to allow 
bubbles of gas to escape, and is supported on blocks of 
wood W at the comers. 

§ 13. Fig. 1 10 shows a slight modification of the sawdust 
battery, commonly known as jt^«a/^(''jrfrwn«(/.* In an earthen- 




ware or glass cell, a flat circular plate of copper C is laid, 
with a piece of guttapercha-covered wire soldered to it; this 
wire comes out of the cell and forms the positive pole. The 
copper is covered with crystals of sulphate of copper and 
sawdust as above described, and the zinc lies on the top. 
A little oil is sometimes added to prevent evaporation. 
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usually about lo centimetres diameter ii 
I 12 centimetres high. The metal plates are then i 

8J centimetres diameter. This form of battery 1 
table, and has a constant e. m. f. Its resistance is higlu 

■ usually about ao ohms when in fair condition. 
Iiiefly used for purposes connected witli testing. 

t cells are well adapted for use at sea, where t 
I of the solution tends to disturb the electromotive 
; and to produce variable polarization; for e 
niell's cell there is practically always some polarization. 
Travilation batteries are like the Minotti's with the" 
it removed. They must be kept perfectly still, and 
nd difficult to manage. 

: The following double fluid batteries are in practical 
\ : — I. Marie Davy's elaneni, which consists of a carbon 
IctTode in a paste of proto-sulphate of mercury {h',so<,) 
d water contained in a porous pot, and a zinc electrode 
f dDute sulphuric acid, or in sulphate of zinc. The 
ion is similar to that of the Daniell's ceil; 
jhate of zinc is fonned, and mercury deposited at the 
rbon electrode. 

le sulphate of mercury is apt to rise by capillary action 

e junction of the carbon and copper; it then attacks 

e copper and destroys the continuity of the circuit. This 

[prevented by filling the pores of the charcoal at the top 

\i melted paraffin; the sulphate of mercury is expensive, 

. very little mercury need be wasted, and it is easily 

ronverted into proto-sulphate. This material is poison- 

The E. M. F. of this element is about 1-5 volts, but 

e is greater than that of a Daniell's cell. 

. Grtrve's cell. — This well-known and very useful element 

sists of a pladnum electrode plunged in nitric acid, 

e or less diluted, and a zinc electrode plunged in sul- 

z acid diluted with about twelve parts of water ; (he 

I solutions are separated by a porous cell. The zinc is 

mverted into sulphate of zinc, the ox-vgen te-mKei \icsKfe 
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* obtained from the water ; the hydrogen is prevented from 
remaining free at the platinum pole by forming, with the 
nitric acid, water and hyponitrous acid gas. This gas is in 
part dissolved, and in part appears as nitrous fumes. These 
fumes are not only disagreeable, but . poisonous. The 
electromotive force of this battery varies from nearly two 
volts, when the nitric acid is concentrated and the sulphuric 
acid solution has the specific gravity 1*136 (20 parts sulphuric 
acid in 100 by weight), to 1*63 volt, when the nitric add 
solution has the specific gravity i*i9 (26*3 parts N2O5 in 
100 solution), and the sulphuric acid the sp. gr. i'o6 (9 parts 
in 100 by weight). 

With the zinc in sulphate of zinc, and the nitric add 
solution sp. gr. 1*33, the e. m. f. is 1*67. 

With the zinc in solution of common salt, and nitric add 
sp. gr. 1*33 (45 parts in 100), the e. m. f. is 1*9 volt. 

The E. M. F. of this cell is very high, but its great merit 
is its low resistance which may with moderate-sized cells be 
reduced to \ of an ohm. The resistance of a cell con- 
structed as follows Avas *2i2 ohm; area of zinc, plate 27*3 
sq. in. : area of platinum plate 13*8 sq. in. ; sp. gr. of sul- 
phuric acid I '06; nitric acid 26*3 parts by weight in 100 
of solution. The double e. m. f. is easily got by doubling 
the number of Danieirs element^s, but the size of these 
elements must be immensely increased to reduce the resist- 
ance to that of a small Grove's cell. 

3. Bunsm's cell, — This element is exactly similar to 
Grove's, except that the platinum is replaced by porous 
carbon. In both Bunsen's and Grove's cells the zinc must 
always be amalgamated, or the local action causes intoler- 
able fumes and waste of zinc. The electromotive force of 
Bunsen's cell is rather greater than that of Grove ; but the 
resistance is also greater, and there is occasionally difficulty 
in securing a good contact between the carbon electrode and 
ihQ metallic strap or wire used to connect it with the next 
zinc or with the termmaV oi \]cv^\i^.\.\feT^, 'Wnr. oaxfecxos are 
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specially prepared for all carbon batteries, and vary much in 
quality. The upper part of the carbon should be impregnated 
with stearine to prevent the junction from being corroded. 

Faure puts the nitric acid inside the carbon pole, which is 
made in the form of a bottle closed by a carbon stopper. 
The carbon performs the double part of porous pot and 
electrode. The nitrous fumes rise inside the bottle, and by 
their pressure assist in forcing the nitric acid through the 
porous carbon. 

The resistance of an ordinary Bunsen's element 1 2 centi- 
metres high with the carbon outside the zinc is given by 
Blavier as equal to from 2 to 3 ohms when partially charged, 
but to double this amount after a few hours. 

4. The Chromate of potassium element is thus de- 
scribed by Mr* Latimer Clark : * Prepare two solutions, 

* the first to be made by dissolving 2 ounces of bichromate of 

* potash in 20 ounces of hot water, and when cold add 10 

* ounces of sulphuric acid. As this addition will cause the 

* solution to become warm, it must be allowed to cool before 
*' being used. The second is a saturated solution of common 
'salt. To charge the battery with these solutions the 

* bichromate solution must be poured into the porous jar 

* containing the carbon, until it reaches about half an inch 
*■ from the top ; then pour the salt solution into the outer 

* vessel containing the zinc until it reaches the same level.* 

The electromotive force is said to be 2 volts. 

The chlorine of the common salt unites with the zinc, 
fonning chloride of zinc, while at the carbon electrode the 
sodium replaces hydrogen in sulphuric acid, forming sul- 
phate of sodium. The nascent hydrogen reduces chromic 
acid (produced by the action of sulphuric acid on tlie 
bichromate of potash), so that sulphate of chromium is 
produced. In chemical notation, 

3Zn; 6NaCl; 6H2SO4; 2Cr03 
gives sZhClo; 6HgO; 3Na2S04S Cx<i(^^O^^v 
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5. The Leclanchk battery \ a zinc carbon element The 
zinc is plunged in a solution of ordinary commercial sal 
ammoniac, and the carbon is tightly packed in a porous pot, 
with a mixture of peroxide of manganese and carbon, in the 
form of a coarse powder. Its e.m. f. is about 1*48 volt 
The zinc unites with chlorine, forming chloride of zinc; 
ammonia is set free at the negative electrode, while the 
nascent hydrogen from the ammonium reduces the peroxide 
of manganese to sesquioxide. The chemical notatiop of 
the change is that Zn; 2NH4CI; 2Mn02 is changed into 
ZnCla; H2O; 2NH3; MnaOg. 

6. Mr. Latimer Clark's cell of constant electromotive force; 
this element has already been described. Chap. X. § 2. 

§ 15. With all batteries it is of the utmost importance that 
during any delicate experiments the whole battery should be 
perfectly insulated, and each cell perfectly insulated from 
its neighbour. For telegraphic purposes this is less essential, 
but it is always desirable. When a battery gives no current 
or a much feebler current than was expected, the following are 
defects which should be looked for: i, solutions exhausted; 
for instance, sulphate of copper in the Daniell's cell entirely 
or nearly gone, leaving a colourless solution ; 2, terminals 
or connections between the cells corroded, so that instead 
of metallic contact we have oxides of almost insulating 
resistance intervening in the circuit; 3, cells empty or 
nearly empty; 4, filaments of deposited metals stretching 
from electrode to electrode. Intermittent currents are 
sometimes produced by loose wires or a broken electrode 
which alternately makes and breaks contact when shaken. 
Inconstant currents are also produced when batteries are 
shaken, unless they are in first-rate condition : the motion 
shakes the gases off the electrodes, increasing temporarily 
the E. M. F. 
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CHAPTER XVI. 



MEASUREMENT OF RESISTANCE. 



H 1. In order to measure a resistance we • must compare it 

"with a standard recognised as the ujiit of resistance. In 

telegtaphy the measurement of resistance plays a very 

■ important part, regulating the choice of materials and enabling 

■•^e electrician to test the quality of goods supplied. The 

0hfn (Chap. X. § 4) is the unit of resistance almost universally 

adopted in this country. Multiples and submultiples of the 

ohm are so arranged in boxes of resistance coils that any 

given resistance from one ohm to 10,000 or 100,000 ohms 

be readily obtained for comparison with any other resist- 

The general arrangement of these boxes is shown in 

the diagram, Fig. iii. 

Fig. III. 








Between two terminal binding screws t and Ti secured on 
a vulcanite slab, are fixed a series of brass junction pieces, 
a, bj e, d'y each of these is connected by a resistance coil to 
its neighbour, as shown at i, 2, 3, and 4. A number of 
brass conical plugs with insulating handles of vulcanite are 
provided, which can be inserted between axv^ \.^'0 'svic-Q&^iv 
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junction pieces, as between t and <t, or a and i. Conical 
holes are bored for this purpose at the opening between the 
junction pieces, \Vhen the plugs aie withdrawn, no electrical 
connection exists between the junction pieces except throi^h 
the coils. 

Let us assume that the resistance of the first coil is (ne 
ohm, that of the second two ohms, that of the tiiird 
three ohms, and that of the fourth four ohms. Then if the 
plugs are arranged as in the figure the whole resistance 
between t and t, will be 4 ohms, because the resistance of 
the laige metallic junction pieces directly connected by 
plugs would be insensible between c and t. If all the plugs 




were mthdrmn the resistince bet\n.en t ind li would be 
10 ohms, and obviously by proptrly arrangmg die plugs we 
could obtain any resistance from i to 10 between t and li 
Now suppose th^t </, instead of being the final terminal 
of the set of resistance coils, were connected by a thick 
copper bar to I as in Fig 112, shoiving a plan of the 
lid of the box contaimng the coils and that a similar 
series of junction pieces were used to connect coils of 10, 
20, 30, and 40 ohms, precisely as a, b, c, and d connected 
the cods I, z, 3, and 4 then between I and di,\i all the 
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! were out, we should have a resistance of too units. 

Iwi by inserting the proper plugs we could at will have lo, 

JO, JO, 40, 50, 60, 70, 80, or go units. Thus for 80 units, 

"iilidrawthe ist, 3rd, and 4th plug, giving 10 + 30 + 40 or 

Now between (/, and Twe can obviously by proper 

plugging obtain any number of units between i and 1 10 ; d^ 

■s connected by a thick bar with /,, the last of five junction 

piecesjoiningcoilsof 100, aoOj 300, and 400 units, by means 

of which, between rfii°n<^T>''*^'^^" get with the twelve plugs 

^y number of units from i to mo ; similarly with four 

"'Ore junction pieces and four more coils we have between 

'"r and T, the final terminals of the box, a series of sixteen 

™ils and sixteen plugs, by the proper arrangement of which 

"'s Can between T and t, obtain any number of units of re- 

'■'itance from i to iirio ;.when all the plugs are in their 

■ ''tces the resistance betiveen T and t, ought to be very small 

■'t'ln-tively to the resistance of one ohm ; and, if this is not 

ilie %^^e, the plugs and holes must be well cleaned, as any 

fssistance observed when all the plugs are in, can only be 

'"^ to imperfect metallic contact between the holes and plugs. 

§ a. Many other arrangements of resistance coils may be 

^''^^pted. Thus, instead of the i, 2, 3, 4 series, we might have 

*i ten equal colls in each row of junction pieces, but this 

"*^^-4ld have required 40 plugs instead of 16. We might 

^*^ have arranged ten coils in a circle, and joined them to 

" equidistant junction pieces, as in Fig. 1 13. Then the re- 

'■'^tance between the wires t and /[ would be 2 if the arm a 

^'^S on the second stop, or 5 if on the fifth stop. The 

"^'^ of the arm a may be so arranged that, before leaving 

'^'^^ junction piece, it makes contact with the next, so that 

"^^ circuit between t and I, is never wholly broken. 

In all boxes of resistance coils the following precau- 
ti^^ns should be observed during the manufacture. Large 
S^^ges of wire should be used for the smaller coils instead 
*?^ short pieces of fine wire. Better adjustment and less 
'■abiiijy to derangement by a powerful curtetW. \?, 'feas. ti^ 
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tiined. The metal used for the wire must be such that its 
resistunce varies little with changes of temperature, German 
silver is a good material. The wires should be insulated widi 




\-a coatings of silk siturited mth solid i>araffin or other 
iiitable insulating inivture No soldermgs should be i>er- 
P^_ ^ _ mitted mside the coils — abo\e all, no 

soldenngs in making which acid is used. 
The iMrt should be wound double, so 
thit the current mikes as man> turns from 
left to right IS from right to left There is 
no self-induction (Chap. III.^ zi) in a coil 
so wound, nor does the current affect gal- 
vanometers in the neigbbourhooil. The 
junction pieces must be firmly fixed, well 
insulated, and so formed that the vulcanite 
on which they stand can be easily cleaned. 
It is a good plan to make the bobbins 
hollow, and rather of large than small 
(/lanieter, to promote umformUy of temperatute. All the 
bobbins should be in one box. 
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§ 3, Let two points a and d, Fig. 1 14, be joined by two 
conductors having resistances r and r,, these conductors 
are said to be joined in nudtiph are ; mth a difference of 
potentials 1 between a and b. 

The current c through r will be equal to -, and similarly 
the current through r, will be—; the whole current be- 
tween A and t! will be - H , or — i^' "'" 'V ; this current will 

be the same as if a and b had been joined by a single re- 
sistance equal to — — !— , which is therefore the resistance of 

tlie two conductors joined in multiple arc. With three wires 
'') ""ii ''ill connecting the same points by a multiple arc, the 

resistance between a and n will be . —^ — L! 

r '\ + ''1 ni + '"''ii 
If agalvanometerwith the resistance g be shunted bya 
shunt oftheresistancej, the resistance of the shunted galvano- 
meter will be Let u = — ^^, tlien the sensibility 

of the shunted galvanometer will be to that of the un- 
shunted galvanometer as 1 to a ; then calling c the current 
flowing in other parts of the circuit, - will flow through 

the galvanometer, and — C will Sow through the shunt ; the 

resistance of the shunted galvanometer will be 5. 

Example. — We have a galvanometer with a resistance of 
8,000 ohms, and wish to find the shunt which will reduce its 

sensibihty loo fold, n = 100 = 8l°?° +.f_ or j = ^'°°° = 

s 99 

So-8. 

The resistance of the galvanometer when shunted will 1: 



p ' ' ■ ■■■ ■■" 
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5 4. Definiiion. — The (onductivUy of a given wire or con- 
ductor is the reciprocal of its resistance. 

That is to say, if a be the resistance of the wire, — is its 

conductivity ; if the resistance of a conductor is 10 ohms, 
its conductivity is o'l. 

The conductivity of a number of wires joining two points 
in multiple arc is die sum of the conductivities of the several 
wires. For the current in each wire with a unit differ- 
ence of potential between the ends is -. ^^ 

The sum of all the currents is ^^| 



whicli is the same current as if a single conductor joined 

the hvo points with a conductivity of ( — V~~ +—...+ — ) 

The resistance of the wires in multiple arc is the reciprocal of 
the conductivity of the multiple arc This rule gives the 
same expression for the resistance as is given in § 3. 

Example. — Let two points be joined by wires in multiple 
arc with resistances of z, 18, 27, and 64 ohms respectively. 

The conductivities are o'S, o'oS555, '03704, ■01562. The 
sum of the conductivities is 06082 ; and the resistance of 

the four wires in multiple arc = ■■ ■ = i'644 ohms. 

5 5. We may compare one resistance with another by 
comparing the deflections produced by a given battery 
through the same galvanometer, but with the different 
resistances in circuit. Thus, 1st be the galvanometer 
resistance, b the battery resistance, r a resistance chosen at 
pleasure from those al our disposal in the box of resistance 
coils, anda: the unknoivn resistance which we ivish to mea 
or compare with b. Let us first observe the deflection rf ob- 
tained ivith acitcuitconlai.mTigG,B,ani'S-QvA>j, arranged 



t m 
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any order, and next the deflection rf,, obtained witli c, b, and 
X only in circuit : then, if the galvanometer be a mirror 
galvanometer, the deflections of whidi are proportional to the 
currents flowing through it, we have, by Ohm's law, the pro- 
portion 

for the E. M. F, being the same in both cases, tlie currents and 
therefore the deflections must be inversely proportional to 
ilie total resistances. From the above we find 



= t("- 



- r) - (C + B) . . . 1°. 
When G and b are so small that they can be neglected 
relatively to R, we have approximately .ir ^= — r. This case 

seldom arises ; but frequently, as, for instance, when x is the 
resistance of some insulating substance, we may negltcl 
G + D as insensible relatively to x, and tjjen we have J 

X = ^/ (G + B + r) . _ _ ,o_ I 

The number i/(g-|-b-[-r) is in telegraphy called the coa^ 
f/u«/of die instrument with the given battery. If(/|=l, w<ifl 
shall have the whole resistance of the circuit * =^rf(G-f-»B 
+ r) ; hence the constant is often defined as the resistan oM 
of the circuit with which the given battery would give thgM 
deflection 1. Obviously when a tangent galvanometer '^^k 
used, we must write tan i/and tan d-^ in the above formuls^B 
instead of d and rf, ; and if a sine galvanometer is used^jl 
we must write sin d and sin d^. . fl 

§ 6. By the use of shunts the application of this metho^H 
is greatly extended; calling the resistance of the shun^fl 
s, the resistance of the shunted galvanometer becomeaB 

: hence if the shunt be used when both d and d, areV 

r, -*-s' ■ 

obsen-ed, we must in equation 1 substitute -^-^ for Oifl 
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the only effect being to diminish the resistance of the galva- 
nometer ; but when d is observed with the shunt in, and d^ 
without the shunt, the sensibility is different in the two cases. 

Then let the ratio —-^ be called u as before : we have by 

s 

Ohm's law : — 

2 +B + R : G + B + ^ = //, : u d, 
u 

or a: = « ^ /5 + B + r) - (g 4- b) . . . 3^ 

The constant of the unshunted galvanometer or resistance 

for which //. = 1, is « ^/ (- + b + r). 

u 

Thus Avith a shunt reducing the sensibility 100-fold, a 
deflection of 90 divisions, Avith o = 8000, b = 20, and 
R == 4000, the constant will be 36,900,000 ; this will be the 
whole resistance of the circuit including g and b with which 
the battery used would give the deflection 1 on the galvano- 
meter used without a shunt In practice r is chosen so that 

~ + b + R may be some whole convenient number ; thus 

in the above case an experienced observer would have made 
R = 3900 when the constant would have been 36,000.000. 
A series of shunts are usually sold with each galvanometer of 
such resistance that u may by them be made 10, or 100, or 
1000 at pleasure. The constant is determined at the 
beginning of the experiment when the galvanometer is not 
shunted, and the value of the resistance in circuit giving a 
deflection d^ is obtained by simply dividing u times the 
constant by d^. To get ^, the resistance of G + b must 
be subtracted from the whole circuit, but when the sum of 
G + b is small, this subtraction is often omitted. 

This mode of measuring a resistance is much used in test- 
ing insulating materials, such as gutta-percha. The battery 
and wire covered with gutta-percha are arranged as in Fig. 
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negative current flows from z through the shunted 
r to the copper wire inside the gutta-percha ; 
fien through the gutta-percha to the j^^ ,,^ 

TOler in the tub t, and from t to the 
;rpole of the battery. The resistance 
is the resistance of the gutta-percha. 
§ 7. The value of v. in theabove equa- 
tions is always known, and the value of g 
*"" of _ is also generally known, and can 

always be directly determined by experi- 
"•ent ; for instance, it may be measured as 
3Qy other resistance would be measured, 
^ Second galvanometer being used for the 
I'urpose. The value of b should be de- 
'ennined at least once a day, since the 
•"esistance of any battery is found to vary 
considerably from day to day. There are 
several methods of determining the value 

"f B. The following is the most com- 

iiion : — 

Make a circuit consisting of the battery b, the galvano- 
'"eter c, and a set of resistance coils r ; shunt the galvano- 
meter with a piece of short thick wire connecting the ter- 
iiinaJs ; put all the plugs of the resistance coils in their 
P'^ces so as to reduce r sensibly to zero ; let the wire shunt 
'"^ so short and thick as to have no sensible resistance 
relatively to the battery, but adjust it of such length that a 
sensible deflection d is shown by the galvanometer ; the 
S'^^ter part of the current is shunted, but enough goes 
"^•^tigh the sensitive galvanometer to give the deflection 
I*: Under these circumstances the whole resistance of the 
' '^cuit is B, that of the battery, for r is reduced to nothing, 
^d the resistance of the shunt is insensible ; now increase 
'"S resistance in the box to r by taking out plugs until a 
^^•^ection Dj is obtained ; then 




"« 
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a = D : D|, or B = ^°i 4° 



IfD, = 



e have b = 



This method has tlie defect that the battery resistance is 
measured when a powerful current is passing, increasing the 
polarization. Moreover the current is very different when 
D and Di are taken, and the polarization very different 
Consequently Ohm's law is seldom strictly applicable, be- 
cause the E. M. F, of the battery is not strictly constant 
throughout the experiment. With a battery of very small 
resistance, this method would be liable to injure the re- 
sistance coils. 

The following is a second method by which the sum 
3 + G is determined. Obser\-e two deflections d and d, 
given by the battery when the ttvo circuits are b + g + R 

d B + G 4- R, ; then we have g + b + r : g + e+R| 






■ S 



Mr. Varley recommends tliat three deflections d, d,, and 
Di;, be taken with additional resistance e, i^i, and Ri, for 
the purpose of testing whether polarization interferes much 
with the experiment; if there be no polarization, adjusting 
the values of r, r,, and R,, so that d,, =40 and d, =1 3 
D.we should have R := 3 R| — 2 R,[. 

The following is a third method. Arrange the connec- 
tions as in Fig. 1 16 ; let d be the deflection when the cir- 
cuit is B + R + G ; next insert the shunt of known resistance 
s, by making contactat a ; reduce r to r, until the defleo 
tiou is the same as before, then 

_ R — E , ga 

G + Rl 

or, fourthly, leaving r unaltered, let. d, be the deflection 
observed when contact is made at a ; then 
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lately 



This method is especially applicable to batteries of very 
small resistance, 

§ 8. The accuracy with which a resistance can be mcartj 
stired by any of the above methods is limited by the accii^ 
!icy with which a deflection can be observed. If we cai 
make certain that any deflection is correct within one per 
■ tnt, still less can we feel confident that the resistance 
Lalculated from the deflection is correct within one per cent. 




The following methods, which may all be termed differential 3 
methods, admit of much greater accuracy. The simplest 1 
differential method has already been described (Chap. IV;^ 
§ 3), and the arrangement of the connections is shown in Fig. 
1 1 7. With a seasitii'e galvanometer it admits of extreme 
accuracy, for by increasing the battery power we may vncc^aat 
sapieasure the deHection which the diSpTcnce \ic»)e.w\ -isK^ 
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currents in the two branches produces. We may also shani 
either branch of the galvanometer so as to reduce its resisi- 
ance and sensibility u times. Calling the resistance«f each , 
branch of the instrument G, we then have, when thegalrano- ■ 
meter is undeflected on completing the circuit, assuming thai 
the known resistance is connected with the shunted brantb | 
of the galvanometer, 



If, as in the figure, x is connected with the shunted bi 

we have x =~. 

Resistances one thousand times greater or one thousand 
times less than r, are easily measured in this way. In Otdo 
that the plan should give accurate results, it is necessary thil 
the ratio u be accurately known and that it remain constant 

Now u = ~; and if the resistance of either g or 



during the experiment fallacious results are given. 

When the wire of a differential galvanometer is made of 
copper the shunts must be of copper also, in order that the 
ratio « may be constant at all temperatures; but even 
with this precaution, the very current employed ii 
disturbs the value of k, for a much larger current flows 
through s than through r., and hence more heat is generated 
in the shunt than in the galvanometer coil, and this heat is 
concentrated in a comparatively small mass of e 
consequence is that the resistance of the shunt is increased 
relatively to that of the galvanometer by every turreni 
which passes, and this seriously impairs the value of tlic 
method. Diffeiential galvanometers made of German 
silver give much more accurate results than copper wire 
instruments, because their resistance and that of their shunts 
are less affected by temperature. The circuit should be com- 
p/efed ior the shortest possVtAe tttneX^-i -maJfCTO^iiOToa^^' 
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and breaking it as soon as a deflection to riglit or 
ias been observed. This may, however, lead to err 

unknown resistance x is so formed that any self-induction 

take place, or if a: has any sensible electrostatic capacity 
gutta-percha-covered wire in water. In either of these 1 
the currents in the two branches will not increas 
me rale when contact is first made. Assuming the coiis 
to be properly wound, while * is a simple bobbin of ] 
not wound double, the current in x will lag behind, 
hence a momentary contact at a will always show x 
r than R when it is really equal to it. The first jerk 
galvanometer needle must, in this case, be neglected, 
; measured by means of die permanent deflection 
ed at after the currents in the various branches have 



, When a steady current C through a resistance r is | 

a difference of potentials i between the ends of the ' 
ictor, then the difference of potentials i between any 
ntennediate points separated by a resistance r must be 

, by Ohm's law, to r c ; the smaller the resistance 

1 the two points the less the difference of potential 
!en them, and if one end of the conductor be at zero 
itial or uninsulated, the potential of any point in the con- 
ir will be proportional to the resistance r between the 

and the point in question, and equal to r c. In the 
am Fig. 118, if the line a e represents to any scale the 



h of a uniform conductor separating the battery c z 
the earth at f, and if the line or ordinate p a represent 
. M. F. of the battery to any scale : then, joining p e h\ 
light line, (he ordinate FH will tepTesenl fet ■^QX.^'wCN'ii 



244 Electricity and Magnetism. [Chap. X¥L 

of the conductor at the point F. If, for instance, p a is 
equal to 1 2 volts, and f is half-way between a and E, f h 
will be equal to 6, and 6 volts will be the potential of the 
conductor at that point 

If A were separated from e by several conductors of dif- 
ferent resistances, we must draw a e so as to represent the 
totcU resistance instead of the mere length of the conductor. 
Then as before, F h will represent the potential at the point 
F, separated from e by a resistance equal toF e; ifFisso 
placed that the resistance of f e is equal to that of a f, the 
potential at f will be half that at a, in whatever manner 
the resistances a f and f e are made up. 

The difference of potential between b and f is equal to 
the difference of the length of the lines b d and f h. 

Let us now suppose that the two ends of the resistance 
a D B are joined to the two poles of an insulated battery, 
and that at the middle of the resistance at d the conductor 
is connected with earth, Fig. 119. The potential here will be 
zero; but the difference of potentials between a and b must be 

B'iG. 119. 
V\ 

A F 




equal to nearly the whole E. M. f. of the battery, assuming the 
resistance between a and b to be large relatively to that of the 
battery. Hence a Pj will be equal to half that e. m. f., and 
b Pii, a negative ordinate, will be equal to the same quantity. 
The sum of the lengths b p^ + a Pi = a P, calling a p the 
E. M. f. of the whole battery as shown in Fig. 118. The 
ordinates F H and Fj Hi show the potentials at points F 
and Fi, one positive or measured upwards, the other nega- 
tive or measured dovjivwax^^. TVv^^^'st^x^KAofpotentiaJs 
between f and f^ \s the ?»wtcv o^ vl ^ ^xA^^^ v 'XXi&^V 



Pill" .. 
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■.'iceniil be exactly ihe same whatever point of a e be put Ii 
irth, if the battery is insulated. If f, were put to eartli 
: !=tead of p, then /i/,, would be the line showing the 
^oteotiaJs, and y h, the difference of potentials between f 
,.nd r,, is equal to r h -^ f, h,. 

§ 10. Let «s assume that the same difference of potentials 
i: maintained by a batteiy between the ends of two con- 
iictors of different lesistance represented by the hnes a e 
..yid A) Kj, Fig. izo, and for simplicity's sake we will further 
i-;surae that the potential at E is zero. If we now choose any 
two points B and b, so placed that a b ; b e = a, b, ; e, e,, 
we shaE have the line b d equal to b, d,, showing that the 
potentials of B and B, are equal. Hence, if w-e join B and 
B| by a conductor, no current will flow from B to b, ; and if 
; galvanometer c were inserted in the wire joining b and b,, 
1 1 would remain undeflected, although the e. m. f. represented 
[iy AP and producing the currents through AEandA, e, 
might be very great and the galvanometer very sensitive. 
If, however, the wire or bridge, as it is called, joins b with 
a point in A, E| between b, and e,, we shall have a current 
from A E which runs through the bridge ; and on the contrary, 
if the bridge joins b with a point between b, and A„ the 




current will flow in the opposite direction through the gal- 
vanometer, i.e. from A, E, through the bridge. 
If. then we know the ratio a b to b e, as we sh^iV da \*E 
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these two resistances are made up of graduated resistance 
coils, we shall be able to divide a resistance Ai Ei in Ac 
same ratio by simply seeking the point Bi at which no 
current flows across tiie bridge. 

And if A\ Bi is a known resistance, we can experimentally 
find a resistance Bi Ej which shall bear the same ratio to 
A) Bi as B E does to a b. 

§ 11. The principles laid down in the two preceding 
sections give the most convenient method of measuring 
resistance. The Bridge, as it is technically called, is ar- 
ranged as in Fig. 121. 

Four conductors, a b, be, a Bi, and B] e, are joined at a 
and e to the poles of a battery, the current from which 
flows round a be and ab, e, corresponding to a be and 
Aj Bi El in Fig. 120. The difference of potentials between a 
and E depends on the battery used, but is obviously the 
same for the ends of the two circuits. The resistance be- 
tween A and B we will call r ; that between a and Bi, Ri ; 
that between b and e, r ; and that between Bi and e, jc the 
unknown resistance to be measured ; R, Ri, and r are 
usually resistance coils. 

A convenient constant ratio is chosen for r and r, such 

Fig. X2Z. 




as equality, i to 10, i to 100, or i to 1,000 ; and then B] is 
adjusted until no cuiienXf ^ovj^ x^Moxxj^xXNft. ^Ivanometer g; 
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a tbis is the case we have r : 



latifr 



X will be equal to - 



he convenience of this method is very great. Any gal- 
lometer can be employed; but the more sensitive the 
the more delicate the laeasuiement of jr. The 
tancy of the resistance of the galvanometer is of no con- 
inence. The coils r, Ri, aiidr, are made of German silver 
other alloy varying little in resistance with a 
ige of temperature. Two keys are inserted, one at a and 
at i ; the current is wholly cut off the four conductors 
t is made at a \ and then, after the currents in the 
conductors have come to their permanent condition, 
itact is made at b to test whether any current flows 
lugh the galvanometer. If none flows, making contact 
t does not disturb the currents in the four conductors 
nd r are usually so arranged as to give any 
imal ratio bet\¥een i,ooo to i and i to 1,000 : the two 
and b are often arranged so that the same finger- 
es both, making contact at i a little after contact 
has been made at a. 

The three resistances r, R), and r, and the resistance of 
the galvanometer, should be small if j: is small, and great if 
X is great. Wlien x is very small, ab e is frequently made 
of a single wire of constant diameter; r, is kept constant, 
and the point b slipped along the wire abe, until no 
current floffs through G. Then the ratio of the i 
— is the ratio of the actual lengths 

.scale over which the wire abe is stretched. An alloy 
of silver with 33-4 per cent, of platinum makes a good wire 
for this purpose. It must be a stout wire, or else the wear 
and tear of shifting the contact piece b will soon destroy the 
uniformity of its section and therefore of it! 

AVhen x is small, great care is necessary to ^re.vgo.^.ftift^^ 



■ measured on a 
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resistance of mere connections between r, r, Rj, and x from , 
being sensible. These connections may be made of slou! 
copper rods \ ceniimfetre diameter, and junctions made by 
dipping Che ends of these rods in mercury cups, the ends 
of the rods being amalgamated. 

The bridge is applied to measure the resistance of ibe 
gutta-percha sheath used to insulate the conducting wire of 
submarine cables : for this purpose e is connected with 
earth, the battery carefully insulated, and the wire to be 
tested is connected with b,, but insulated at the other 
end instead of being connected with e ; the insulated wire 
is submerged in an uninsulated tank or in the sea, and thus 
the only connection between B| and E is through the insu- 
lating cover or sheath. The resistance of this insulating 
cover is therefore the resistance x. 

After the wires have been arranged thus we can, bj 
joining the end of the conducting wire with e, measure the 
resistance of the copper conductor immediately before or 
after measuring the resistance of the insulator. 

When no current flows across the bridge, the position 
of the battery and of the galvanometer may be intef- 
changed, and no current will flow &om a to e through dw 
galvanometer. 

§18. Kir<:kkcff'slaws.—\l!,m.-m\,aaii:aTTta\sctCt'i . . . f . <« 
flowing some lo a point A (Fig. 122) and some from thai point; tilA 
since thenholequantityairiviagiil: the point must be eqnal to tbittill* 
away, Ihc sum of all the cun-enls coming lo the point must be q'*' 
to the sum of those going away from it 1 hence, calling the first f^n* 
positive and the second series negative currents. Ihe algebraic sum of "U 
the currents must he equal to zero, a result niilten as follows, 

2C = o, 
the letter I signifying that the sum of all the values ofc are lo be BkEn. 

Let there be several sources l, Ij la of electtomotiye force in atinW 
(Fig. i23),someaclinginonedirect;onaniJsomeinBnother,BiidjoiM'"'!' 
resistances R. RiR. . Let the currents flowing through each beC&ti' 
Let the difference of potential or e.m.f. between the two ends of* "• 
''. —/.; that between the two ends of Rk, p^ — /, ;andthatbetweffl>'l'' 
'tv ends ofR,. , P, — /, ■ ^_ 
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Then by Ohm's law, c. R^ =» P. — /. , Cb Rb - Pb —A 1 Ce Re « Pc — /e 
or C.R. + Cfc Rb + CeRc " (P. - A + Pb -A + Pc - Pr )- (P* -A ) 

+ (Pb-A) + (Pe-A). 

Now p, — ^p is the difference of potentials produced by the electro- 
motive force I3 ; for however high or low the absolute value of the po- 

FlG. 123. 





tentials P^ or A ni^y be, by definition the difference of potentials must 
be equal to the electromotive force between them. Similarly Pt —A ■ ^3» 
and Pe - A - ^1 ! 
hence 



or 



Ii + Ia + Is=C. R, +CbRb +C Re, 
2 I » 2 C R . . . 9. 



The sum pf all the electromotive forces is equal to the sum of the 
products of each current into the resistance which it traverses. 

One obvious application of this law of Kirchhoff 's is to those cases 
in which the electromotive force in a circuit, instead of being due to a 
certain difference of potentials produced at one point of the circuit, as 
by a battery, is due to an E.M.F. distributed throughout the length of the 
whole or part of the conductor, as when the E.M.F. is due for instance 
to electromagnetic induction, where we only know for each part of the 
circuit that the E.M.F. is so much per centimHre of length. We now 
see that we need only add up all the electromotive forces in each unit 
of length, and then, knowing the whole E.M.F., we find that the current 
multiplied into the whole resistance of the circuit will be equal to the 
electromotive force thus calculated — in other words, Ohm*s law is per- 
fectly applicable to this case. 

The results arrived at in sections I and 2 of this chapter are easily 
proved from Kirchhoff's equations. 
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§ 13. The theory of the bridge may be proved as follows 
from KirchhoiPs laws : 

Let live condiictorar, Hi ''u. ''im '"i" be arranged as In Big, 
1 24 with a battery i connected with a and e by conductors, 
as shown in the figure. 

Let c, Ci, e^, (^ Ci„ c be the six currents, in the six parts of 
the circuit, c being the current in r, ^i the current in rf, etc. 

Then at a and e we have c = fi + fui = ^u + ' 



„ at B 


and B| „ „ c = Ci — Ca = Ci^ — <:„,. 


In the circ 


ait A B Bi we have cr= c^^ r^ ~ f, r^. 


„ 


B E B, „ c r = Oi f-u - f^iT^T ; 


eliminating c 


Ca fill and f,, we have from the above 


lions : 







''tij '"li — n r-„ 



I 



(n + Hh) ('-Li + '' 1.) + '• (n + ^u + rm + r„) ^ 
This gives the value of the current produced in the bridge 
■ in terms of the whole current c produced by the battery. 
If there is no current in r, we must have 

''a ^11 — ''i ''if = o or r-j : ru = ^u : ^t- 
5 14, The specific resistance of a material referred to unit 
of volume is the resistance of the unit cube to a current 




between two opposed faces. The following table contains 
the specific resistances ot several metals and alloys at 0° C. 
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The specific resistances given are those of a cubic centi^^H 


mfetre of chemically pure metals calculated frotn esperimentS^^^H 


by Dr. Matthiessen. The resistances of commercial metalft^^^l 


aie always higher, and frequently very much highe 


' "^H 


not at all uncommon to meet with copper having 


so pc^H 


cent more resistance than that in the table. This 


^duetl^^H 


TabU. SpiiifuRuUtatteisf Mclals and Alloys alo= C«itisradt,from^^^^ 




Dr. Mallhiaien'j tifiriminls. 




■ 




NAMES or 


1 








1 


■ 




METALS. 


i|M 


1 


l|i 










lli 


III 


w. 


Ir 








llficr„k«a 


Ohm,. 


Ohms. 


Ohmi. 


Ohms. 




Silver annealed . 


I -521 


0-0I937 


0-1544 


9-15' 


-2214 




„ hard drawn , 


1-652 


□■02103 


o-i68o 


9-936 


•!141S 






Copper annealed , 


i'ei6 


O'ozos7 


0-1440 


9-718 


-2064 






„ hard drawn. 


1-652 




0-1469 


9-940 


■2106 






Gold annealed . . 


2-o8t 


0-02650 


0-4080 


12-52 


■5849 






,, bard drawn . 


z-iiS 

2 -945 


0-02697 
0-03751 


o-4'5o 
0-0757 


12-74 
17-72 


■5950 
■1085 






Zinc pressed . . 


5 -689 




07244 


0-4067 


34-22 


■5831 






PUtinum annealed. 


9-158 




1 166 


1-96 


55-09 


2-SlO 






Ironahnealed . . 


9-825 




1251 


0-7654 


59-10 








Nickel annealed . 


12-60 




,6S4 


1-071 


75-78 


1-535 






Tin pressed . . . 
Lead pressed . . 


13 '36 




1701 


0-9738 


So -36 


1-396 






19 ■85 




2526 


2-257 


i>9-39 


3-236 






Antimony pressed . 


35-90 




457" 


2-41 1 


216- 


3-456 






Bismuth pressed . 
Mercury liquid . . 


1327 




689 


13-03 


798- 


Am 






9974 




2247 


13-06 


578-6 


18-72 






Platinum silver . . 


24 '66 


03140 


2-959 


148-35 


4-243 






Alloy hard or an--) 
















































German silver hard! 
or annealed . ) 


21-17 


02695 


•■S5 


127-32 


2 ■652 






Gold-silver alloy 
















hard or annealed, 


10-99 


0-1399 


1-663 


66-10 


2 '391 






3 parts gold, I 












silver . . . 














\ 




^ 


y 
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the presence of other metals in small quantities. Lead, tin, 
zinc, and cadmium, when alloyed with one another, conduct 
electricity as if the component parts had remained separate 
and were arranged as a bundle of conductors, each having 
a uniform section throughout Alloys of bismuth, antimony, 
platinum, palladium, iron, aluminium, gold, copper, silver, 
mercury, and probably most other metals, have a much 
greater resistance than the mean resistance of their com- 
ponent parts. The resistance of a wire one mbtre long, 
and one millimetre in diameter, is given in the table : this is 
equal to the specific resistance multiplied into ^.y?^ ^^ 
12732. Tho resistances of tiie wires are given in ohms, 
the specific resistances in microhms. 

Notes, — In the above table the numbers underlined are direct obser- 
vations by Dr. Matthiessen, B. A. Report, 1864. 

The numbers given in Col. II. (m^tre, millimhre) are obtained by 
calculating the value in Column III. for lead from the specific gravity 
1 1 '376 (Table II. , Electric Conducting "Power of Alloys) and making 
the other numbers in the column inversely proportional to the conduct- 
ing powers given by Dr. Matthiessen, when hard drawn silver is 100, 
and gold silver alloy 15*03. Column III. is next filled in by calculating 
the values for zinc, platinum, iron, nickel, tin, antimony, bismuth, 
mercury, from Column II. by their specific gravities ; the three 
alloys from specific gravities given by Dr. Matthiessen; the silver, 
copper, and gold, by proportion, from the hard drawn metals. Except 
in the case of lead, the underlined values do not agree with Column II., 
and the true specific gravity. Column IV. is calculated from Column 
II. by simply multiplying the numbers by 472*45 ; and Column V. 
from Column III. by multiplying the numbers by 1*4337. Column I. 
is calculated from Column II. by dividing the numbers in Column XL 
by 12,732. 

§ 15. The specific conductivity of a material is the re- 
ciprocal of its specific resistance. Thus the specific conduc- 
tivity of hard silver in ohms is - oooooiggg = 605300. 
There is a common but most reprehensible practice of 
referring conductivities to some material such as silver. 
The result has been that numerous most careful experiments 
by skilled electricians are ioMxv^ x.o \ieNA>^^Vs&^fQr no two 



r^m 
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of them take as their standard metal a metal witli tlie same 
i:onductivity. Nor are the relative conductivities of the 
standards known. Even Dr. Matthiessen's esperiments 
do not allow the construction of a perfectly satisfactory 
table. 

It should be observed fliat while copper has the greatest 
conductivity or smallest resistance of any known metal 
relatively to its volunie, aluminium has. the smallest resist- 
ance for any length of a given weight, a matter frequently 
of considerable importance, 

§ 16. Tlie specific resistance of all metals increases as 
the temperature increases, and for all pure. metals except 
iron and thallium, Dr. Matthiessen found that the rate of 
increase was the same. The resistance R of a metal or 
alloy at the temperature / expressed in degrees Centigrade 
may be calculated &om the resistance r at 0° Centigrade by 
the following formula : 

R = r(l + «/+*/*)... II 
rThe following are the values of a and b : 



Most pure metaU . 
Mercury 



■0007485 

■0004433 + -oooooo'S* 

'O006999 — '000000062 

lAccording to experiments by Dr. C. W. Siemens, tlie 

astance r for any temperature up to one thousand degrees 

intigrade is expressed by the general formula r ^aT* + 

- y (Bakerian Lecture, 1871). 

I Very slight impurities increase the specific resistance of 

Tetals considerably, and they diminish the change of 

Jecific resistance with a change of temperature. 

KThe copper wire obtained commercially for submarine 

^bles has usually a specific resistance from 5 to 8 per cent. 

higher than that of pure soft copper. It is usually tested at 

24° Centigrade, at which temperature the resistance of a foot 



I 
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grain of pure soft copper is 0*2262. The specified resist- 
ance of the French Atlantic cable at that temperature was 
0*2456 ; the actual mean resistance per foot grain at 24° 
was 0*2388 ; calling r the resistance per knot, w the weight 
in lbs. per knot, and s the resistance per foot grain, 

5293*1 5 
R = y ^^ — . . . 12 

w 

The resistance of iron used in telegraphy is given by 
Latimer Clark as 7 times that of pure copper, or at 24® 
Centigrade 1*58 per foot grain: different specimens vary 
considerably. 

§ 17. The specific resistance ofinsulating materials does not 
admit of being tabulated in the same manner as that of metals, 
because slight differences in the preparation of the materials 
cause great differences of specific resistance, and because of 
the effects of electrification* and of age. Gutta-percha and 
India-rubber as applied to insulate submarine cables have 
been the subject of an immense series of careful experiments. 
The resistance of a cubic centimetre of gutta-percha, a fort- 
night old, and tested at 24° Centigrade after one minute's 
electrification, varies from about 25 x 10^^ ohms to 500 x 
10^2 or more. The mean value of the specific resistance of 
the gutta-percha employed for the 1865 Atlantic cable was 
342 X J 0^2 (ohms) after one minute's electrification; India- 
rubber when in good condition has a still higher resistance. 
The Persian Gulf cable made by Hooper had a specific 
resistance of about 7500 x lo*^ ohms. 

Let R be tiie resistance of a length l of gutta-percha cover- 
ing to conduction, from the wire inside to tiie water outside, 
that resistance being what is commonly called the insider 
tion resistance of the covered wire or core of a submarine 
cable ; let m be the specific resistance of the material referred 

to the unit of volume : and let -, be the ratio between the 

d 

diameter of the covering and that of the covered wire : then, 

* Tht effect of e\ectnfvcaX\oxv ot ^cJ^^fv«v.\AaT\. vtw ^a»sMs^«ii apparent 
//Jcrease of resistance is descnbeA Vn CW^- ^^ • \\^» 
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R = -366s_-^ .... 13 

L and M must be expressed in the same system of units. 
The resistance e^ of a knot of cable is 

NMogJ ... 1^0 
'*" 506300 

•vhere M is the specific resistance referred as above to centi- 
metres. The value of- — 5^— adopted by Mr. Latimer 

506300 
Clark forgulta-percha at 75° F is 769, corresponding to a value 
for M equal to 3S9 x 10^ megohms. This is a high value. 
The resistance of G.P. increases under pressure. Let Rp be 
the resistance at the pressure ^ expressed in pounds per 
square inch, and r the resistance at the atmospheric pres- 
sure : then, approximately, 

Rp = r{i + 000023/.) ... 15° 

The constant o'ooosj probably varies for different speci. 
mens and at different temperatures. 

The resistance of C. p. also increases very considerably with 
age, if kept under water. This has not been observed with 
India-rubber. The resistance of some specimens of India- 
rubber tested by Dr. Siemens decreased under pressure. 

§ 18. We may calculate the resistance of an insulating 
material separating two conductors in the following way. 
Let a body of known capacity s measured in microfarads be 
charged to the potential p measured in any unit, and let il 
be gradually discharged through a great resistance r sucli 
as the gutta-percha covering of a submarine cable offers to 
conduction through the insulating envelope, from the wire 
inside to water outside— the potential of the water being 
zero. Let the potential of the charged conductor fall to / 
in the time t measured in seconds ; then in megohn 

S log,- S \o£ - 



i 
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Tlie capacity in electrostatic measure of covered wire, 
neglecting the ends, is givea by the equation 6, Chap. V.; to 
convert this into electro-magnetic measure, we must divide 
tlie value by v* (§ 2, Chap. VIII. } ; and to express the result 
nmicrolatads the quotient must be multiplied by io'*(Chap. 
X.5 5): hence the value of S for one knot or 6087 ft expressed 
a microfarads is 

_ 4-z X 60S7 X 3048 X 10" _ 0-2038 



4-6052 X (28-8)« X 10" X log % log - 



17 



Substituting this value for s in equation (16), we have for 
tiie resistance per knot, 

''l" . . . .s. 

This fonnula is the more convenient as d, d, p, p may be 
measured in any units as the ratios only are required. More- 



over, log - 



a constant for any one cable. The values of P 



and/ may be observed on any electrometer, or by means of 
galvanometers, using the method described in the chapter on 
the Measurement of Capacity. 

The specific resistance of verj- short specimens of wire in- 
sulated by different materials may be calculated by the above 
method, when the current traversing the material would be 
insensible even on the most sensitive galvanometer, 

The method described in this section is only correct if II 
be constant throughout the experiment; we know that under 
electrification it actually increases (rom minute to minute, SO 
that the result given by the formula is intermediate between 
the resistance when the experiment began and when it 
ended. 

§ 19. A rise of temperature invariably causes a decrease 
in the resistance of insulators. Within the limits of 0° and 
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^.i," Centigrade the law of the decrease for gutta-percha is 
approximately expressed by the following empirical formula: 
Let r be the resistance of the material at the higher 
temperature, and r the resistance at the lower temperature, 
and let / be the difference of temperature in degrees Centi- 
grade: then 



ra' or log 



-. /loga 



where fl is a constant varying with different specimens t 
gutta-percha and also with variations in the time of elecbi 
fication. The value of log a increases as the time of e 
trification increases, and is also higher at the lower tempei 
tures. The following table gives values of log a for difteren 
times of electrification and also for two ranges of temperature 
from o" to 1 i° and from rz° to 24°, derived from a series o 
experiments made on a knot of French Atlantic cable. 

TimeDfelcctrificiitioa Ber«een o°ind ii=. B«w«n u'' and ! 



■061 


■0544 


■0657 


■oSS^ 


■0686 


■0560 


■0705 


■OS7 


■0725 


•0574 


■0729 


■0S7S 


■0736 


■05S 


■0765 


-0600 


■0747 


■0618 



goon 

Thus the resistance r, after one minute's electrificatiof 
at 0°, was 7,540 megohms. Then, to find the resistanc| 
r at 10° afier the same time of electrification, 
- IS4£ - 



3g^=io « 0-056.; whence. - - ^-^ 

The following is a table of the relative 
4° after various times of electrification. 



f-.^. = =°7o 
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Minutes' electrification. 


Resistftnce at o*. 


Resistance at S4®. 


I 


7540 


369 


2 


9650 


401 


5 


12300 


457 


lO 


14400 


477 


20 


17400 


493 


30 


18900 


499 


60 


21900 


509 


90 


24000 


512 



It should be observed that the difference in resistance 
produced by electrification is much greater at the low tem- 
peratures : or, putting the same statement in another fonn, 
there is a much greater change of resistance produced by a 
change of temperature after long electrification than with 
short electrification. Experiments have been most frequently 
made after one minute's electrification. 

The following are a series of values of — for the tempera- 
ture of 0° and 24° from different observations. 



Name of cable. 


R 


Logo. 


Persian Gulf 


36-5 


•0651 


Cores in which thickness of 






G.P. does not exceed 'ii 






in. .... 


23*62 


•0572 


French Atlantic 


20*43 


•0545 


Willoughby Smith*s im- 






proved G.P. . 


28-14 


•0604 


Silvertown India-rubber 


1784 




Hooper's India-rubber 


301 


•0199 



The experiments on the Silvertown India-rubber seem to 
show that the increase of resistance does not follow the law 
expressed by equation (19). The resistance of Hooper's 
material on the contrary, according to Mr. Warren's experi- 
ments, does admit of being calculated by that formula up to 
the temperature of 38*33 Centigrade : the resistance is halved 
hy a further increase of 18*33°. 
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The electrification of Hooper's material is still more 
remarkable than that of gutta-percha ; with one specimen 
the apparent resistance had increased fourfold at the end of 
10 minutes, and after 24 hours' electrification the resistance 
svas 23 times greater than at the end of one minute. 
A.ccording to Mr. Warren, if Ri is the resistance after one 

ninute, and r, the resistance after the time /, the ratio — ^ is 

constant for all temperatures with this material. 

§ 20. The specific resistance of other insulating materials 
than India-rubber and gutta-percha has been very littie tested; 
that of glass varies inunensely in different specimens. Ley- 
den jars may be found which do not lose more than ^^th 
of their charge per diem, and the greater part of this loss 
appears to be due to conduction over the surface, or creep- 
ing as it is called, rather than conduction through the mass 
of glass. The specific resistance of some kinds of glass 
is therefore nearly infinite ; but many specimens of glass, 
especially those which contain lead, hardly insulate as well 
as gutta-percha. Vulcanite, porcelain, and paraffin are good 
insulators, but I am aware of no experiments determining 
their specific resistance. Liquid paraffin and some oils are 
also good insulators. 

§ 21. Graphite and gas coke are used as conductors in 
batteries, and according to experiments by Matthiessen their 
specific resistance referred to the . unit of volume is from 
about 1,450 to 40,000 times that of pure copper. Tellurium 
and red phosphorus have still higher specific resistances. 
The following table gives Dr. Matthiessen's results expressed 
in the units now adopted. 
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Specific Rfsistance of bad Conductors^ computed from experiments by Dr, 

McUthiessen, 



Materials. 


Re^stance in 
Microhms. 


• 
Tempersittire 
Centigrade. 


Graphite, specimen i 

2 . . 

3 . . 
Gas coke 

Bunsen*s Battery, coke 

Tellurium .... 

Red Phosphorus ... 


^390 , 

37«o 
41800 

4280 

67200 

212500 

ohms. 
132 


220 

22® 
22<* 

25« 

26*2® 

19-60 

20° 



§ 22. The specific resistance of liquid electrolytes is not 
very accurately known owing to the difficulty in measure- 
ment due to the phenomenon of polarization. A rise of 
temperature diminishes their resistance in all cases. Its 
effect has been studied by Becker (* Ann. d. Chem. u. 
Pharm.* 1850 and 185 1) and by Beetz (*Pogg. Ann.' cxvii. 
1862). Paalzow has endeavoured to avoid the difficulty 
caused by polarization by using composite electrodes con- 
sisting of amalgamated zinc plates in porous cells containing 
solution of sulphate of zinc ('Pogg. Ann.' cxxxvi. 1869). 
Kohirausch (* Pogg. Ann.' cxxxviii. 1869) has used the 
rapidly alternating currents of a magneto-electric machine 
with electrodes of very large surface. J. A. Ewing and J. G. 
MacGregor ('Trans. R.S.E.' xxvii. 1873) have applied the 
'bridge' method (§ 11), using a Thomson's 'dead beat' 
mirror galvanometer, which enabled them to observe the 
resistance before polarization had time to become sensible. 

The saturated solution is frequently not the best con- 
ductor. This is the case with sulphate of zinc and chloride 
of sodium. Sulphuric acid when diluted with water has a 
minimum resistance when of specific gravity i '25, or accord- 
ing to other experiments when 45*84 grammes of SO3 are 
mixed with 100 cubic cexvlm\^\.t^^ olvj^\.^x. 
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The following tables show the resistance of some of the 
solutions most employed in batteries. By the term ' specific 
resistance ' is meant the resistance, expressed in ohms, of one 
cubic centimetre to conduction between opposed taces. 
SulphaitBfZ{nc{at lo" Cent.y 



D«,<ity. 


e 


b™„. 


If 


Dsnsily. 


SiKdfit 


»„.,.,. 


1? 




182-9 


11019 






28-5 






1-0187 




■ ■.jSj 




I.8,. 


28-3 min. 










l-,84S 




■ •2895 


28-5 






1-0540 


bV» 






1-2,87 


28-7 




[33-7 


.■0760 


So-8 


l-.S6» 


29-2 


1-3288 


29-2 





The solution of maximum conductivity may be prepared 
by dissolving 735 parts of salt in 100 of water. 
Sulphate of Copper {at lo' Cm/.)' 



D„*,. 


rIS?» 


Dtduty. 


Spedfe 


De„.„. 


Si|e=i(k 


I -0318 
J -0622 


,64-j 

59 'o 


1-0858 

M386 
1-1432 




1-1679 

I 18^3 
I -1051 
Saturated 


} 29-3 



The resistance of mixtures of these salts ' is invariably less 
than the mean resistance of the components, being in many 
cases less than that of either.' ' 









Sulphu 


k Aeid—dUuted? 






SpccIEc 


D* 


*• 


S- 


«° 


.^ 


so" =,' 


;S- CfDtigrade. 


I'lO 










-84^ 


786, -737 






m- 






-703 






Sti- 


-4Ht 


■411, I of one cubic 


I 'IS 


!■(] 


!'«; 




■y4- 


■KLi 




SO. 




■ISf 




1-30 




i-il 


■04 


■7q 






Sb. 




■TC 




1-40 




1-+7 


L-tO 




l-u-i 






■Sqf 




between op- 


1-50 


3-74 




2-H 




1-71 




fiT 


I-S2 












3-01 


l-ll 


2-71; 




4h 








1-70 


9-41 


7-67J6-Z5 


5-'2 


4»3 


3-57 13-07 


2-71 


ohms. 1 



' Ewing and MacGr^or 
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The specific resistance of water (res. of cubic centimetre) when pure is 
9320 ohms, computed from experiments by Pouillet The presence <i 
iilO B ii '^ "^ sulphuric acid reduced this resistance to 1550. The tempcia' 
tures were not given by Pouillet. 

% 23, When the resistance of insulators is being mea- 
sured, care must be taken to prevent conduction over ihe 
surface of the msulating material between the two conductors 
separated by that insulator. If, for instance, a conductor 
c, Fig. 125, supported by a long vulcanite stem, be chargeA 
and the gradual fall of potential tested by observmg the 
potential on an electrometer, the insulation resistance 01 
a b will not really be tested, for conduction will taie place 
almost wholly by creeping over the slightly damp or dii*)* 
surface from a to b. Sirailarly die insulation resistance of ^ 
short length of covered wire. Fig. 1 1 5, will be very inconeclly 
indicated by a galvanometer g, unless the surface of the 
gutta-percha near a separating the wire from the ffSK' 
is such as to allow no creeping. Surfaces have no speciil 
conducting power, but the slight film of damp or dirt 
conducts in proportion to its sectional area and the con- 
ducting power of the particular kind of dirt. Thus biass 
filings or salt with a little moisture form a highly conducting 
film. The surface of glass being hygrometric will always be 
covered with a conducting film, unless the atmosphere be 
artificially dried in the neighbourhood. The outer layers of 
gutta-percha, soon after being exposed to the air, became 
so far changed as to insulate badly, so that the sur&ce 
should always be fresh cut when experiments are being 
performed. Old vulcanite is often found covered with \ 
conducting filtu resulting from tlie decay of the material 
TVjc surface of old glass NsVtvch Ws \«.«& t^ijiKed to iht 



■ k 
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weather conducts better than, new glass. Mr. Varley gives 
the following recipe for preserving and renewing the insu- 
lating power of ebonite or vulcanite supports ; — 

First, was[i the ebonite with water, rubbing it well till dry ; 
secondly, moisten the surface of the ebonite with anhydrous 
()arafiin oil. To prepare this, put a quart of common 
parafiin and an ounce of sodium into a bottle. 

A glass support or the inside of a Leyden 
jar is best cleansed by being washed with 
distilled water and dried at a. fire without 
l>eing wiped. A stem such as a ^ may then 
be made to insulate admirably by setting it 
ia a deep narrow tube widi a little coticen 
trated sulphuric acid at the bottom To 
increase the resistance of the coaductmg film, 
its sectional area must be dimmished as much 
as possible, aad its length mcrcased hence 
a long rod a b. Fig. 125, will insulate better 
than a short one, and a rod of s.mall surface , 
better than one with a large aurface 

The resistance of a fiJm of dirt does not appear to folloi/ 
Ohm's law. When the potential of the charged and insulate 
conductor is increased, the loss by creeping increases in a 
much higher ratio : probably tlie conduction is partly due ti 
numberless small discharges from one speck of dirt to i 
neighbour. 
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CHAPTER XVII. 

i- CAPACITIES, POTENTIALS, AND Q0ANT1TIE 



. The relative throw or swing of a galvanometer n 
sed by the charging or discharging of two conductors 1 

1 very convenient method of comparing their capacities 
1 diese are sufficiently large. Thus let x y, Ti^ ^i6. 
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represent the plates of a condenser separated by adielectric 
rrom the opposed series of plates ab; let a d be connected 




with the earth, and let r_)i be connected with the bodyof tht 
key M ; the contacts p and o of this key serve at will to con- 
nect xy with the zinc pole of the battery z c, the copper pole 
of which is to earth, and with the one terminal of the galva- 
nometer g, the other terminal of which is also to earth. If 
the handle at sr be lifted, the condenser x y will be charged 
with negative electricity. On depressing m this charge will 
flow to earth through the galvanometer g ; this flow will 
throw the needle of the galvanometer to one side by an 
impulse of very short duration. If the needle is impeded by 
no friction, calling s and S| the capacity of two condensers, 
which, when charged by the same battery, throw the n« 
to the angles «' and i^, we have 



1 

impulse ~ 



The current is proportional to the capacities, the ii 
is proportional to the current, and the sines of half the angles 
are proportional to the impulses: hence we have the above 
proportion. Instead of observing the dischaige we might have 
^'aped the galvanometer g betweeti m and the plates xy ot 
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the condenser ; in that case, on raising M we should obser 
the throw of the needle produced by the charge when flowi 
in instead of when flowing out; the throw in the 
is the same if there is no leakage from x y Xa c 
raiglil substitute for the earth any other conductor, joining 
E E, and El without in any way alfecting the observation. 

§ 2. The galvanometer g may be shunted when one con- 
denser is observed, and less shunted or not at all shunted 
when a second condenser is tested ; but in that case it is 
necessary to take care that the resistance of the shunts bears 
the same relation to that of the galvanometer for transient 
currents as for permanent currents. The self-induction of 
tjie shunt and the galvanometer may be very different, and 
may seriously affect the proportion in which the current is 
subdivided between the shunt and the galvanometer. 

§ 3. A differential galvanometer may be made use of to 
compare two condensers, the capacities of which are nearly 
equal. The charges given to the two condensers by the 
same battery must, for this purpose, be passed simul- 
taneously through the two coils of the galvanometer ; the 
sine of half the throw will then be proportional to the dif- 
ference between them. In making this experiment it is not 
necessary that the coincidence between the times occupied 
ly the passage of the charges should be absolute ; it is 
^ufi^dent that both charges pass while the magnet is still 
-cnsibly at rest. A similar comparison may be made, using 
,1 simple galvanometer, by the following device: — 

Pass a current from a battery c z. Fig, 127, through a con- 
siderable resistance r k, , Connect one point of the resistance 
R R, with earth at e, the rest of the system being insulated. 
Then twopoints a and b separated from e by equal resistances 
will be at equal and opposite potentials. Now let the two 
condensers to be compared be charged respectively by 
simultaneous contact witli a and b, then if they are equal they 
will receive opposite and equal charges. Next connect th" 

3 condensers one with another (after lemoVm^ ba'fe ^w 
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A and b) ; then the two equal charges will exactly neutraliie 
one another, and no charge will be detected in either con- 
denser. The absence or presence of a charge may be 
observed by galvanometer or electrometer. The proportion 




between two condensers may similarly be measured by 
observing the proportion between the resistances a e and K B 
required to produce charges which exactly neutralize one 
another. The capacities will be inversely proportional to 
the resistance A E and E a. These resistances must be 
considerable, or the potentials at a and b will be insufficient 
to charge condensers in such a way as to be measured by 
the electrometer or galvanometer. 

The points a and b may be connected by sliding pieces 
to successive terminals subdividing r r,, 

§ 4. For small capacities Sir William Thomson's platy- 
meter and sliding condenser may be used {vide Gibson and 
Barclay, spec. Ind., cap. Paraffin^Phil. Trans. 1871). 

Let there be two equal condensers/ and/i. Fig, 128, the 
outer armatures of which are insulated and the inner armatures 
connected with an electrometer. Let a and b be tlie two 
condensers which are to be compared ; connect the outer 
■s of a and E with/ and /i respectively, and thdr 
•I armatures with the earth. 

et A be so constructed that its capacity can be vajied U 
Wiil, Charge the oulei aTma.\\ite ul k ■gtyalosd.'j , and u 
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: thne connect Uie point q with the earth ; the t 
lure of/Jwill take a positive charge, its inner armatu 
cha^e ; p\ will remaan uutharged Now breal 



5 



T- 



E 



tact between q and the earth ; tlie electrometer will n(9 
tect, for the charge in/ ivill be unaltered. 
Connect the outer armatures of a and b ; if the ratio o 
; same as that of /, to b, the potential of q \ 
ichanged, and the electrometer will not be < 
dj if t is greater than ^ , the potential of q will % 

ered ; if ^ is less than ^', the potential of q will t 

red by the connection of the outer armatures of a 

The deflections of the electrometer due to the rr 

B'lowering of the potential of q allow us to adjust tt 

idty of A until the ratio <-=^, and if / = Pu 

AD 

a then have a = b. 
S exactly equal to b. 

sTbis appears to be the best method for copying standa 
fcdensers, because it does not depend on the accuracy of 
f other instrument. Any error in tlie adjustment of J^ 
Q be detected anil aJioived for by rcveiam^ "i^t V 



1 therefore be adjusted una 



C,."' 
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of A and B. The relation of equality is not required. In 
order that no deflection be produced by free electricity at ^, 
it is sufficient if 

^ : /, = A : E. 
The analogy with the Wheatstone's bridge is obvious. 

§ 5. The ato/u/£ capacity in electrostatic measure of any 
small condenser is obtained by comparison with that of a 
spiiere of known dimensions enclosed within another sphere 
of known dimensions. 

The absolute capacity of larger condensers in electro- 
magnetic measure is obtained irom the throw i of the needle 
of a galvanometer through which an instantaneous dis- 
charge is passed ; we have tlie capacity, 



Where t is half the period or time of a complete oscillation 
of the needle of the galvanometer when no current is pass- 
ing, and Ri the resistance of a circuit in which the e, m. f. 
used to charge the condenser would produce the unit de- 
flection ; I has the same meaning as in §1. In a reflecting 
galvanometer half the deflection maybe taken as equal to 
sin \ i. This formula follows from the formula for the im- 
pulse produced by the current on the magnet, and the 
formula for the throw produced by a given impulse. In 
order that it should be applicable, the impulse must be veiy 
short when compared with the time /, and the resistance of 
the air must be insensible. This latter condition is onty 
fulfilled when successive oscillations of the needle arc 
sensibly equal. A galvanometer with a heavy needle should 
therefore be used in making this observation. The absolute 
value of the difference between two condensers detected by 
the method described m § 3 can he determined in this way. 

§ 6. The comparison oi potaitials of two batteries may 
be made indirectly by observing the currents which the two 
batteries are capable of ma\ii\amYi^ -tooM^ kTin«a resist- 
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; but this method has Uie defect that the electromo^ 

; force of most batteries varies when the resistance in 

? changed, being higher with a large resistance and 

fcer with a small resistance in circuit. The potentials can 

■ directly compared by comparing the deflections which the 

I batteries produce on the same electrometer. If the 

1 great, a graded electromeiec must be em- 

, or the following method may be used ; charge a 

indenser with the higher potential ; insulate the condenser, 

i then diminish the potential in a known and convenient 

po by connecting a second condenser with the first, the 

between the condensers being previously detennined. 

I this way the reduced potential may be brougbt within 

: range of the electrometer employed to measure the 

rex potential. If the condenser is large, the electrometer 

dispensed with and a galvanometer .used to 

Sicate the relative potentials, to which the condenser is 

Rcessively charged by two batteries. The two discharges 

! proportional to sin \ i; and as the capacity of the 

ptadenser is constant, the potentials charging the con- 

e proportional to sin \ i, or in the case of mirror 

i to the throw of the spot of light ; by the use 

► shunts on the galvanometer this method is extended to 

p comparison of potentials differing loo or looo fold. 

i 7. A yaawft'^y of electricity is seldom measured directly, 

L current flowing for a given time conveys a de- 

lite quantity of electricity, and a body of known capacity 

iged to given known potential also contains a known 

intity of electricity. The relative quantities per unit of 

jce on a conductor can be measured by the proof plane 

d an electrometer as already described. The quantity of 

Ticityproducing a given amount of heat or chemicalaction 

liest measured by the measurement of heat or of the weight 

laterial electrolyzed. The qtiantity q of electricity ii 

Y short current flowing through a galvanometer is givei 

dectTomngnetlc measure by the fol\ovj\ngtorwi\iSa.\- 
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?i^ sin i / 2<» 



Q = 2 



Where Ci is the permanent current which produces the 
unit deflection on the galvanometer. This equation foUows 
from equation i. 



CHAPTER XVIII. 

FRICTIONAL ELECTRICAL MACHINES. 

§ 1. The simplest of these is the electrophorus, which 
consists of two parts : i. a disc of ebonite, or similar material, 
A, cemented into a brass disc b, uninsulated ; 2. a brass plate 
c which can be held in the hand by an insulating stem d. 
When the surface of the ebonite a is rubbed with flannel, 
silk, or a catskin, it becomes negatively electrified ; if the 
disc c be now superposed on the electrified disc a, and 
connected with the earth by being touched with the finger,, 
some of the negative electricity on a is conducted to earth. 
Some of the negative electricity remains on a, partly because 
there is not perfect contact all over the surface between a 
and c, and partly because the electricity on a is not wholly 
Fic. X29. on the surface, but being 

attracted by the disc b, has 
penetrated the mass of the 
vulcanite in the manner 
indicated by the electrifi- 
cation described Chap. V. 
§ 6. The negative electri- 
city remaining on and m a 
attracts a positive charge 
to the lower surface of c 
If the finger be now re- 
moved and the disc c lifted, 
it retains its charge oi po^\^N^ ^\^5toc\t^^ which may be 
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seen passing to earth in a spaik if the knuckle or any other 
blunt conductor is brought near the edge of c. The dis- 
charged disc c may be again charged by being placed as 
before on tlie disc a and touched by the finger, and this 
process may be repeated until by gradual conduction to B 
and c the original charge on a is dissipated. It is certain 
that the electricity which is effective in inducing a charge on 
c does not lie on the surface of a, for the addition of one 
or two little brass pegs^ passing from the surface of a to b, 
improves the action of 
the electrophoms : this 
little brass peg serves to 
conduct any negative 
charge which may accu- 
mulate on the furface of 
A to the earth. The elec- 
irophorus therefore acts 
as if the parts were 
arranged as in Fig. r^o, where the simple vulcanite disc 
A is replaced by a metai conducting disc a a, electrified 
with negative eiectricity, and separated from c by a thin 
layer of dielectric, and frdm li by a thicker layer of the same 
dielectric. 

An electrophoms will conrinue to give sparks in rapid 
succession for a considerable period, and may be nsed to 
charge Leyden jars. A cheap electrophoms may be made 
by using a cake of resin instead of vulcanite, and wooden 
discs covered with tin foil instead of the brass pieces B and c 
§ 2. The frictional electrical machine, Fig. 131, consists 
of a vulcanite or glass disc or cylinder A, made to revolve 
iween cushions or rubbers of leather or silk b Bi. By the 
ctlon the (silk) rubbers become negatively, and the glass 
witively electrified. The difference of potenrial depends 
1 the substances used as rubbers and disc ; if one of 
pese be put to earth, the other will be raised or lowered in 
teijtial to twice the extent by which U vfO\i\A. \vi.Ne \«s.ti 
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raised or lowered if both were insulated, having been al 
the potential of the earth before commencing the expoi- 
ment This action is precisely analogous to that which occurs 




with a galvan c clU ivln-n Loth polts ire insulated, one is 
raised above the potential ot the earth, and the other 
lowered beneath it Let one pole be put to eartli, the po- 
tential of the other is itnmediately doubled, the difference of 
[lotentials remaining what it was before. Let us assi 
that tlie rubbers in an electrical machine are put to eartl^ 
then Che positive electricity of the glass is collected by S 
series of points d d,, placed close to ihe glass, and con- 
nected with a conductor f ora Leyden jar. The glass points 
e sometimes described as acting by induction thus : the+ 
electricity on A induces — electricity on the points, wHdi 
springs across to the gVass, Tveatoii^m^ the + electriciq' 04 
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r the glass, and leaving the conductor or Leyden jar positively 
electrified. There is neither theoretical nor practical diifer- 
ence between a negative spark passing from D to A, and 
a positive spark passing from a to d, and we may 
therefore correctly use the more simple statement given 
above. The positive electricity whicJi the glass loses is 
supplied through the rubber ; a stream of negative elec- 
tricity flows from the rubber to the earth while the con- 
ductor or jar is being charged; and this is only saying in 
other words that positive electricity flows from the earth to 
the rubber, whence it crosses to the glass and so to die 
conductor f or to a Leyden jar. It is just as essential lo the 
effective working of the electrical machine in charging a jar 
that the outside of the jar be to earth, as that the rubber be 
to earth ; and if the outside of the jar and the rubber be 
connected, it is unnecessary tint either should be to earth. 
It is necessary in order to charge a jar or conductor as 
highly as the machine is capable of doing, that the electric 
circuit should be complete, except across the dielectric used 
to insulate the conductor to be charged. It is of no import- 
ance whether the earth form part of that circuit The 
parts must be arranged as in Fig. 132, where b represents 
the rubber, a the rubbed glass, ggi conducting wires or 
chains, F and c the two opposed coatings of the Leyden jar 
and D the dielectric; c may Fit ^i. 

be a mere brass ball, f the 
walls of a room, and d the air 
of the room. The case will 
not differ from that of an ordi- 
nary Leyden jar except as to 
the capacity of the conductor 
c. The machine b a will 
produce the full difference of 
potential it is capable of producing between f and C. The 
charge given to c will simply then be proportional to its 
capacity. The circuit may all be insuAaled -, 'Wma:^ \)fc -^W, 
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to earth between b and f, or it may be put to earth between 
A and a The only effect of these changes will be to alter 
the absolute potential of f and c, but not to alter the 
difference. If, however, g and Gj are both put to earth, the 
circuit is destroyed and no effect will be observed at f or c 
Similarly, if G or Gi are broken, the circuit will be destroyed ; 
but in this case some less perfect circuit is generally com- 
pleted, which will lead to the observation of some electrical 
difference between f and c if either g or Gi are entire. 

§ 3. In electrical machines sold by opticians, large brass 
conductors f f, insulated on long stems, are usually con- 
nected with the collecting points d Dj Fig. 131. These large 
conductors have a sensible capacity, and allow the machine 
to produce long sparks and other phenomena requiring the 
accumulation of a considerable quantity of electricity. 
The addition of a large pasteboard cylinder with rounded 
ends covered with tin foil insulated from the earth by a 
single long stem and connected to d Dj by a wire through 
the air, allows the volume of the spark obtained from 
the machine to be greatly increased. The insulating stems 
are best made of vulcanite, and should be kept clean, 
as described in § 23, Chapter XVI. No points or sharp 
angles must form part of the system of conductors 
attached to dDi, if phenomena requiring great diflferences 
of potential are to be observed. Glass stems and discs are 
old-fashioned. They are weak, hygroscopic, and when 
rubbed with hot cloths to dry them become covered with 
fluff which conducts the electricity to earth. 

§ 4. The friction of globules of pure water suspended in 
steam against wood and other insulators may be made use 
of to produce electricity. This fact was discovered by Sir 
William Armstrong, whose apparatus was made as fol- 
lows ; — 

The steam issuing from a high-pressure boiler by the 
pipe A passes in a series of tubes (not shown) through the 
box B, which is s\3LppV\e4m\5cv.cci\^^^XKt\€com these tubes 
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the steam charged with condensed globules issues through 
the jets c c c. These jets are lined with wood. The friction 
charges the steam with 
positive electricity, which 
is gathered by a series of 
points at D attached to the 
insulated conductor f. The 
globules of water must be 
pure, or only charged with 
insulating materials. The 
resistance of pure water is 
so great that it may be 
looked upon as an imperfect 

flannel ; the material against which the water rubs esercises, 
as might have been anticipated, a great influence on the 
amount and sign of the electricity produced. When tur- 
pentine is mixed with the water, the vapour becomes nega- 
tively electrified. 




CHAPTER XIX. 

ELECTROSTATIC INDirCTlVE MACHINES. 

§ 1. The action of the electrophorus, described in § i. 
Chapter XVIII, maybe imitated by arrangements no part of 
which requires to be electrified directly by iricLion; and, more- 
over, the apparatus can be arranged so that the inducing 
charge shall be continually strengthened by the action of 
the machine. Inductive machines of this kind have been 
invented by Bennett, Nicholson, Mr. Varley, Sir William 
Thomson, and others. Mechanical energy in these instru- 
ments is converted directly into, an accmnulation of elec- 
tricity at different potentials, the work done being expended 
in overcoming electrostatic forces. The following is Mt^. j 
\'ar!ey's desi^; — 



i 
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A series of tnetal conductors, c, c, c {Fig. 134), whiciiri 
be called carriers, are attached by means of a vulcanite disc* 
to the axle a, which can be made to rotate at pleasure. Tta ■ 




disc and carriers rotate between two pairs of metal bsul. , . 
cheeks, ^and e,, which will be called inductors. The knobs ^ 
and A) are in connection with the earth, and are grazed b/ 
the carriers ■: <r as they revolve. There are also consa 
pins at g and ^,, which put each carrier successively in coo- 
tact with e and with e^ for an instant in passing. 

Let a small charge of positive electricity be comtnunicatedM 
e, the rest of the apparatus being at the potential of the eartK 
The plate e will induce a negative charge in c as it rises 
past h, the positive electricitj- flowing to the earth through A. 
The carrier c conveys this negative charge to ^|, giving up 
almost the whole of it to the surrounding inductor plates t^ 
This redistribution of the charge leaves c almost neutral, 
and the inductor if, next induces a positive charge in f as 
it descends past A, ; the carrier conveys this to e through 
t/ie pin g, and so avigmevAs \.Vie oi'v^'wsX ■^smwje charge. 
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TVhen it again passes //, it receives by induction a greater 
.tive charge than before, which again augments the 
itive charge in e^, and this induces a new positive charge 

c, which is transferred to e. Each turn thus augments the 
'charge on both inductors in a continually increasing ratio; 
and the only limit to the charge which can thus be accumu- 
lated on the inductors is that determined by the escape of 
electricity from them in the form of sparks or brushes. A 
.'continuous supply of sparks may be drawn from e or c [. The 
Itnobs /( and Aj need not be in connection with tlie earth, 
.provided they are in connectioo with one another. In that 
case, when f passes A, and I'l.immiediately opposite, passes A,, 
-c and f] are connected for an instant. A positive charge is 
induced in f„ and a negative charge in c. When thisarrange-.— 
tnent is adopted, one of the inductors may be in connection 
with the earth. 

The arrangement adopted by Sir William Thomson t 
replenish Leyden jars, Chap. XIV. § 1, in which he wishes 
to maintain a constant potential, is very compact, 
inductors are metal plates ee^ bent so as to form cylindrica 
itorfaces, as in Fig. 135, The axis a supports two ( 
IC C], which are also parts of cylinders not exactly concentricB 
With the inductors. In the fig. the axis and carriers are shown ■ 
Wmoved from their positions inside the inductors. The 
cotmectors are shown at /( and *[. The springs g and f , 
kcorrespond to the pins with the same letter in Mr. Varley's 
arrangement. In the mouse niili, another arrangement used 
by Sir William Thomson to give a rapid succession of sparks, 
the inductors are parts of cylinders and the carriers are 
long strips Eke the staves of a barrel. The smallest con- 
ceivable cha^e on one inductor of these machines is 
sufficient to start them ; indeed, it is difficult, if not impos- 
sible, so completely to reduce e and e-^ to tiie same potential 
that after a few turns of the carriers they shall not be highly 
charged. 

5 3. Holtz's electrical machine is an inductive micKva.?. \*^ 
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which tlie carriers are replaced by the imperfectly conducting 
film which usually covers a disc of glass, or by the estemal 
film of the glass itself considered as a body capable of 





receivmg a charge, though not of conducting electricity' 
This film must be a sufficiently good insulator not to all*:**' 
the escape of the charge it has taken. The theory of t*'^ i 
machine will be more readily understood if we replace tl*^ 
imaginary film by aseries of insulatedcarriers similar to tho^^ 
described for Mr. Valley's apparatus. 

Let there be a fixed disc, Fig. 136, of insulating materi*' 
B and a rotating disc of insulating materia! a ; on eacft 
side of the disc a let there be a series of metal carriers ^ 
and d all insulated from one another. On the disc B let there 
be two inductors e and ^|, the first positively and the , 
second negatively charged, e and r?, cover both sides of 
disc B for a short distance, and there are two openings F 
and Fi, as shoivn. The fixed rods h and ^j serve to join 
successive pairs of carriers d and d^ as they come opposiK 
e and rr,. The rods It and /;, are shown with a couple 
of Jittle balls, which can be se^a.Ya.ted to show sparks pass- 



■Imowii 
carrier 
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ng the connecting rods /( and/j,. There are also 
two springs g and ^1, which serve to connect each 
rrier c in succession with e and fj. fic. 136. 

Wow let the disc i revolve so that the 

.■ride nearest us moves in the direction of 
the arrow; when c is opposite c, and 
f J opposite <], d and d^ being connected 

'l^ h and A,, there will be a positive 
charge induced on the external surfaces ' 

,of d and ^1, a negative charge on the 

'external surfaces of i/i and c. As tlie ro- 
tation continues, each of these carriers 

'Will become disconnected from h and ' 
j, and will carry with it its <cha(ge of , 
electricity without any considerable 
change in the distribution, li^ and ^, 
will, after a fraction of a revolution, 
come opposite f, where they are shown 
. and d„. The positively charged 

'«anier c^ will come in contact with tlie 

, springs; at the same time candrfwill 

■ have come to the position c^ and d^, 
and the negatively charged carrier c^ will come in contact with 
the spring g^. There ivill then be a redistribution of elec- 
tricity. The capacity of <:„ and c^ is diminished by the absence 
of the plate b at rand r,, and the result of the redistribution is 
to remove the greater part of the positive electricity from c^ to 
e, of the negative electricity from c to ^,, to set free negative 
electricity on (/„ and positive electricity on d^ When, therefore, 
d, comes under k into the position of d, the negative elec- 
tricity flies to (/,, or, in other words, positive electricity flies 
from di to d, and the cycle of operations recommences. The 
rods A, h^, the carriers c, C), &c., the inductors c, (T,, and the 
contact springs f,^,, all play exactly the same part in Holtz's 
machine as in Varley's, with the exception that in the new 
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arrangement the connectors //, h\, instead of ji 



directly, join a 
induce charges 



V set of 



1, &c., ( 






Tlie actual Holtz's machine has no 
earner. There is a fixed disc of glass B 
and a rotating disc of gkiss a. At the 
openmgs f and f, there are the in- 
ductors e and e^, made of paper ; the 
connecting-pieces^ and ^1 are also of 
piper, and merely point at the place 
where the carriers should be ; the con- 
|| I ij nectors h, A, are brass rods ending in 
„T^ +; j pomts opposite c and C|i the part of the 

\ _ _[j \-- earners is played by the surface of the 

glass , the action is identical with that 
descnbed for carriers. The openings 
at Fi and F serve to insulate the positive 
from the negative parts of b as well ai 
to alter the capacity of each portion 
of the surface of a as it passes them ; 
the rods // and/^i are arranged so that 
they can be withdrawn, leaving a space 
at n across which sparks pass ; if the 
space be gradually increased between h 
and ^1 at n, after the machine has been set in action by charg- 
ing € or f|, a splendid violet brush of some inches in length 
may be observed passing at n. If Leyden jars are hung on 
h and h^ to increase their capacity, this brush is replaced 
by a torrent of brilliant sparks. With large Leyden jars oa 
h and h\ one spark of extraordinary length and volume 
passes at sensible intervals of perhaps one or two seconds. 

In the fig'ires the openings f and F[ are shown as if they 
were near together, because the whole series of inductions 
can thus be better brought into one view. In the machine 
itself, as shown in Fig. 138, the openings are diametrically 
opposite one another, and the eVacwci-t^ is collected from 
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the glass by a comb or series of points H and H, attached to 
the rods h and ,4,. The openings f and f, are behind the 
transparent plate a, though shown in the full lines. 




The dark portions of the figure e and e^ are the paper 
armatures which are on both sides of b. The gear is 
omitted by which a is driven. The plate b is carried by four 
supports touching its edge. 



CHAPTER XX. 

MAGNETO-ELECTRICAL APPARATUS. 

5 1. The phenomenon described in Chapter III. § § 

19, and more fully explained in Chapter IX., is often d<i| 

scribed as imigneto-dectric induction when the current % 

induced by llie motion of a wire in a field produced by J 

magnet, the tenn electro-magnetic induction being r 

for the case in which an electric current induces magnetisn 

The ' distinction in this sense is rather popular than scientifis 

' An essential and scientific distinction can be drawn bEt' 
a by Bpp]ying the name, magneto-electric in4ict\on, V; 
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but it is coaveniciit to retain the name magneio-electrical 
apparatus for those arrangements in which powerful electric 
currents are induced in wires moved across a magnetic field 
produced by pennanent magnets orxlEEtriHiiEgn^s. 

In magneto-electric apparatus the moving coils of wire 
must be driven by some external source of power. 

The term electromagnetic apparatus is used, on the 
contrary, for those arrangements in which the battery pro- 
ducing a current is the source of power which produces 
motion. An electro-magnetic engine is one which may be 
employed to drive machinery. 

§ 2. Arrangements giving electric- currents by the relative 
motion of magnets and coils were invented by Pixii and 
Ritchie. The apparatus wfhich will be now described is 
generally known as Clarke's : In front of a powerful horse- 
shoe magnet a. Fig. 139, there are tivo bobbins b and b, of 
insulated wire ; these two bobbins are carried by one 
frame v, which rotates round a horizontal axis, being 
driven by a pulley. The two coils of wire are continuous, 
so that a single current may flow round both; but they 
are so joined that the current flows in a right-handed direc- 
tion round one and flows in a left-handed direction round 
the other. Each bobbin has a core of soft iron, and these 
cores are joined by iron at the back ; that is to say, at 
the ends farthest from the horse-shoe magnet. Two ends of 
the wire on b and b, are directly joined, but the two other 
ends are connected through a set of springs nibbing on suit- 
able contact pieces on the axis, with two fixed terminals T and 
T„ and the circuit is not complete till these are joined. We 
will suppose this to be done. As the coils rotate, each soft 
iron core is successively magnetised in opposite directions; 
thus coil B, when opposite a north pole, has its south pole 
near the magnet and its north pole at the back, and tiua 



a which require relative mol ion, and using electro-magnetii in 
lenote only those ptienomena of induction which result from tlie 
chaage of currents or mttginetiam ■jn&oa.vtdMmf 
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arrangement of the magnetism is re\ersed when b is opposite 
the south pole j thus in every revolution a magnet is, as it 
were, introduced into B, withdrawn, and replaced with its 
poles in the opposite direction, and again withdrawn. 




The withdrawal of a magnet havmg its north pole at one 
end of E, and the introduction of a magnet having its south 
pole at the same end, both tend to mduce a current in one 
direction ; but the withdrawal of this second magnet, and the 
introduction of the reversed magnet, induce a current in the 
opposite direction. Thus from the instant the coil B begins to 
leave the pole s, to that instant at which it arrives opposite 
N, a current in one and the same direction is being induced; 
but as soon as b begins to leave N and return to s the direc 
tion of the current is reversed, and continues reversed until 
opposite 3. Thus two efjual and opposite currents are 
induced in b during each revolution. The same statements 
hold good of B„ but when the current mdMcei '\'[i ■* 
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handed that in b, will be left-handed. When the coilsare 
joined as described, the two currents are added to one 
another ; the currents can be observed and utilised on that 
portion of the circuit which is interposed between t and T|. 
With the connections as described the currents will be 
reversed between T and T, at every half-revolution; but it is 
easy to arrange a set of contact pieces in the axis so that 
although the currents must necessarily be reversed in the 
■ coils, they flow always in one direction between t and T|. 

5 3. Even when flowing in one direction the currenis 
between t and t,, must rise to a maximum and decrease loa 
minimum once during each half-revolution. 

The maximum current occurs at those points where flie 
armature (as the soft iron continuous core may be temed) 
resists the motion most strongly. At these points the 
greatest change of magnetism is taking place in the armalute. 
The motion of the coils alone without a core would give 
rise to similar but much weaker currents. The best lei^ 
and thickness of wire depends on the resistance through 
which the current is required to flow between t and Tj, 
If this resistance is small, the coils b and Bj should be made 
of thick wire ; if the external resistance is great, then the 
coils should be composed of many turns of thin wire. 

§ 4. Instead of a simple pair of bobbins and a single 
horse-shoe magnet, we may arrange any convenient oumher 
of bobbins on a ring moving in front of the poles of a sens 
of magnets also arranged in a circle. Still better, we may let 
the ring of coils rotate between two rings of magnets, e«n 
coil having its own core, which is alternately magnetised i" 
opposite directions ; each coil being then connected with 'B 
neighbour, so that the current flows alternately in a rif^'" 
handed and left-handed direction, we add the electro-moO** 
forces due to all the coils. 

The coils may be joined in series, or the pairs may ^ 
joined in multiple arc, the former plan being adopted if 
the object is to pet a great ^. u. y. beWiten t a 
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'alter pian if our object is to ob lain a moderate e. m. f., with 
^ veiy small resistance in ihat part of the circuit which 
'orrns part of the magneto-electric machine. Great heat 
i*"Ou]d soon be developed with the latter plan. With the 
ft^rmer (coils in series) very perfect insulation is required 
between the separate layers of the coils, or sparks will 
[•etforate the insulating substance and destroy the action 
**f the coils. The following is a description of a machine of 
this class constructed by Mr. T. Holmes, and successfully 
^Sed by him to produce the current for a large electric 
'atnp:— 

The coils, eight)--eight in all, are fixed in the rim of a 

^heei about five feet in diameter, with their axes all parallel 

*0 the axis of the wheel. They are arranged in two rings, each 

Containing forty-four equally spaced bobbins. The centre 

Of each bobbin in one ring corresponds with the centre of the 

space betiveen two bobbins in the other ring. This wheel 

|i driven at about no revolutions per minute. Horse-shoe 

;re fixed in a frame round the circumference of the 

iieel in three planes, or rings, containing twenty-two each. 

9te two poles of each magnet are in the same plane, or ring. 

Jhe distance between their poles is equal to the distance 

ween the bobbins, or coils. The magnets in the two 

tside rings have similar poles opposite one another. The 

in the inner ring are placed with opposite poles 

ing the two similar poles of the outer rings. The two out- 

Me lings have compound magnets of four steel plates ; the 

of the inner ring between the two sets of bobbins 

pive six plates. The weight of each plate is six pounds. 

coils have their iron cores magnetised in oppo- 

E directions, but the wires are so connected in series that 

e induced currents flow all in the same direction relatively 

" e. The length of the hollow iron core inside each 

_S6bbin is 3^ inches. Its external diameter, i^ inch; its 

internal diameter, i icch. Two copper wires, -148 inch in 

diameter, (OTty-hve feet long, ate wound iQWTLi wjJr wrc 
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and connected in double arc These wires are equivalent to 
one wire '2 inch in diameter of the same length. The iron 
core and brass bobbin surrounding it are split ; that is to say, 
an open slit is left down one side of each cylinder. This 
prevents the induction of currents in the bobbin and wire 
where they are not wanted. 

Each ring induces forty-four distinct currents during one 
revolution of the wheel, and the maximum current from one 
ring coincides with the minimum current from the other ; and 
as each current lasts a veiy sensible time, and by a commuta- 
tor is transmitted always in one direction, their combination 
does not produce a series of sparks, but a nearly constant and 
uniform current. One and a quarter horse-power is re- 
quired to drive the machine when in action, and much less 
when the circuit is broken so as to stop the induced current 
This machine offers a striking example of the transformation 
df work into a current of electricity. 

§ 5. If the change of magnetisation could take place in- 
stantaneously, there would be no limit to the electromotive 
force which these machines could produce, except the limit 
imposed by the difficulty of insulating the wire and of driving 
the coils against a great mechanical resistance ; the electro- 
motive force induced in the coils would increase in direct pro- 
portion to the speed at which they were driven. Practically 
owing to the coercive force of even the softest iron and the 
self-induction of the wire on the bobbins, the change of 
magnetisation and of direction of the current occupies a very 
sensible time, and if the speed be increased beyond that at 
which the greatest change of magnetisation occurs, the elec- 
tromotive force will fall off instead of increasing. The effect 
of the coercive force is diminished as stated above by making 
the core hollow, and the effect of useless induction is dimin- 
ished by splitting it from end to end. 

§ 6. Obviously the magnets used to induce the currents 
might be electro-magnets ; but if these were excited by an 
independent battery, tlve mdwc^^ c>\Tt«v\.^^\iJA\i^ obtained 
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at a much greater cost thaE would give the same current 
directly from a battery-, 

Mr. Wilde conceived the happy idea of using a current in- 
duced by permanent magnets to excite a lai^e electro-magnet 
which is used to induce a second current, which can be so 
much greater than the first as the electro -magnet is more 
powerful than the permanent magnet. The second current 
may be used to excite a second electro -magnet still more 
powerful than the first, and this second electro-magnet used 
to induce a third current greater than either of the two 
others. Dr. Siemens and Professor Wheatstone simultane- 
ously invented a further extension of the same idea. They use 
the current induced by the permanent magnet to convert 
this magnet itself into an electro-magnet. The effect is very 
remarkable. However weak the permanent magnetism in 
the inducing magnet may be in the first instance, a few rapid 
lums of the coils with their armatures induces a current 
which increases in geometrical proportion, increasing the 
magnetism of the inducing magnet at the same time, until 
the resistance of the armatures as they pass the poles is 
such as to balance the driving power. The current in 
the main circuit may be directly utilised, or one portion 
of it may be shunted for use while the other branch 
maintains the magnetism of the electro -mag net. Mr. Ladd 
modifies this arrangement by having two distinct coils on 
his armature, one of which is used to excite the electro- 
magnet, while the other conveys the induced cunent which 
is to be utilised outside the machine. Ladd's, Wilde's, and 
Siemens' machines will produce currents capable of fusing an 
iron rod an inch in diameter and a foot long. The arma- 
tures and coils become themselves so hot that they must 
be artificially cooled, or the machine can only be worked for 
short periods without being permanently injured. 

§ 7. The armature used in these new machines is generally 
of the form introduced by Messrs. Siemens, which is much 
superior to that in Clarke's apparatus. 
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The compound horse-shoe magnets are anunged in a pile 
of considerable depth, each separated from its ne^hboor by 
a sensible space, as shovm in Fig. 140. The aimature A A| 
rotates round the axis x Y between the poles in a pomtion 
where the mimetic field is much more intense than that 




# 



occupied by Clarke's armatiu'e. This armature is a long bar 
of soft iron of an ^H section, as shown in plan at a (Fig. 140), 
and is magnetised transversely. The wire is wound round ii 
longitudinally, passing up one side and down the other. 

As this armature rotates round the axis x y its magnetism 
is reversed, and at each reversal a current is induced in the 
enveloping wire. The intensity and uniformity of the mag- 
netic field in which the wire is placed cause this arrangement 
to give much better results than those obtained by Clarke's 
arrangement. 

§ 8. It is unnecessary that the aimature either of Siemens' 
or Clarke's or any raagneto^lectric machine should com- 
plete one or mote TevoVuuotis wiwitW'aSniisi.'^^ current: . 



Chap. XX.] Magiielo-ekctrkal Apparatus. ^^1 

the smaliest motion about the ajcis Is sufficient to produce 
some electromotive force, because it will change the intensity 
of the field in which the annature is placed. With Siemens' 
armature especially a very small deviation in one direction 
from the position shown in the plan. Fig. 140, will give a 
powerful current The wires of the coil move ahoost directly 
across the lines of magnetic force, and the armature will be 
so magnetised as to help the induction so produced. A slight 
motion in one dirccdon will induce a positive current, a 
slight motion in the opposite direction a negative current. 
Keys for sending electric signals without batteries are con- 
structed on this principle. 

§ 9, The Indudorium, or Ruhmkorff's coil, is strictly 
speaking an electro-magnetic apparatus, inasmuch as the 
inducing magnet is not moved, but is magnetised and de-mag- 
netised by the passage and intermption of a current firom a 
liattery. It is used to obtain by induction a great electro- 
motive force from a battery of small electromotive force, The 
inductorium consists of an electro-magnet excited by a com- 
[laratively short coil of thick wire called the primary coil ; a 
long coil of fine wire, called the secondary coil, is wound 
round the same electro-magnet ; the primary circuit, which 
is completed by a battery of small resistance such as Grove's, 
is alternately made and broken with great rapidity; the 
secondary circuit is always complete, or interrupted only by 
such a space that the electroiiiotive force induced in the 
secondary is sufficient to cause the passage of a sparL 
\Vhen the primary circuit is closed, the electro-magnetism of 
the core induces a current in the secondary wire in a direc- 
tion opposed to that of the primary circuit. When the 
primary circuit Is interrupted, the diminution of the mag- 
netism in the core induces a current in the same direction 
round the wire as the primary current, and therefore in a 
direction through the secondary coil opposed to the current 
previously induced. 

The electromotive force per foot of the -wi^e, wi X-W 
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secondary coil depends on the intensity of the magnetic 
field produced and on the rapidity with which it is producei 
The sum of the electromotive forces thus induced in a long 
coil is enormously greater than the e. m. f. of tlie inducing 
battery ; the longer the secondary coil the greater the 
electromotive force. 

% 10. Sparks many inches in length can be obtained froo" 
the secondary circuit of a large inductoritun, but in such 
apparatus the greatest care is requisite in the insulation of 
the secondary coiL Each wire must be insulated from its 
neighbour by layers of some hard insulator which a spark wUl 
not easily pierce and care must be taken so to wind the coil 
that no two portions of the secondary coil at very different 
potentials are near together this is effected by winding i»e 
coil in fiuccessivecompartmentsA b, c,as in Fig. 14.1, where 
each compartment is msulated from its neighbour by discs 




of vulcanite In order to facilitate the rapid change of mag- 
netism, the core should be either a hollow split cyiinda o^' 
bundle of iron rods insulated from one another. 

The making and breaking of the primary current is ge'>6- 
rally effected by a litde oscillating hammer having a small 
armature of soft iron at its head ; this hammer is placed so 
as to be attracted when the iron core is magnetised ; by il' 
motion towards the core it breaks the primary circuit; II16 
core being no longer magnetised allows the little haramerto 
fall back and so once more to complete the primary circuit; 
this re-magnetises the core, and the hammer again breaks the 
\ xuTCuit, and this actAon le^eaxs. toeXt wAc&altely, There ai 
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adjustments by which the rapidity of the oscillations of the 
hammer can be regulated until the best result is obtained. 
The limit to the speed at which the successive currents can 
be induced depends on the coercive force of the iron core 
and the self-induction of the secondary coil. The work 
done in the secondary coil by the induced current is neces- 
sarily less than that done in the primary coil by the battery, 
however much greater the electromotive force may be. 

The following is a description of an inductorium made by 
Messrs. Siemens : — ^Tiie core is made of iron wires i"3 m.m. 
diameter and 95 centimfetres long. These are cemented to- 
gether and form a cylinder 60 m.m. diameter. Two layers of 
copper wire 2-5 m.m. diameter form the primary coil. This 
coil and the iron core weigh 35 lbs. They are placed in a 
mbeofhard vulcanite a 6 m.m. thick at the ends, and 12 
m.m. thick at tiie middle : along this tube 150 thin discs of 
vulcanite are fixed at equal intervals, and the ends are 
covered with thick discs of the same material. Each sub- 
division between the little discs is filled with a coil of fine 
silk-covered and varnished copper wire o'i4 m.m. diameter : 
these coils are connected in series, so that the current flows 
from the outside to the inside of one compartment and from 
the inside to the o.itside of the next, in order that no two 
portions of wire at greatly differing potentials may ever be 
in close proximity. The length of the secondary coil is 
io,755 mfetres, and it makes 299,198 turns round the 
cylinder. The weight of the copper wire is 58 lbs. and its 
resistance about 155,000 ohms. 

There is some difficulty in arranging a good make and 
break piece acted upon by the hammer on account of the 
large sparks which pass between the contacts tending to 
fuse them together and oxidise them. Messrs. Siemens 
make contact between a platinum point and a platinum or 
silver amalgam covered with alcohol. 

When long sparks are wanted, the make and break appa- 
ratus is driven slowly, by clockwoik Ot \a'i •a. ^g^^a.'ijt; 
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electro-magnetic engine, so as to give a long contact, which 
is then suddenly broken. The above apparatus will give 
sparks of from one to two feet in length, with six large 
Grove's elements in the primary circuit : 50 miles of fine 
wire have been used in some induction coils. 

§ 11. A Leyden jar or some other form of condenser is 
frequently attached to the secondary circuit when this is 
used to give sparks. The one armature of the condenser is 
connected with one end of the secondary wire and the 
other armature with the other end of the same wire, near the 
opposed points across which the spark is to pass ; the effect 
of this arrangement is that a considerable accumulation of 
electricity takes place near the points before the difference 
of potential is sufficient to cause the spark to pass, and con- 
sequently the number of sparks observed in a given time is 
less with the condenser than without, but each spark con- 
veys more electricity and is much more brilliant An electro- 
motive force in the coil insufficient to cause any spark to 
pass may nevertheless help to charge the armatures of the 
condenser, and thus some portions of the inductive action 
may be utilised with the condenser which without it would 
be wasted. The dielectric must be thick and strong, or it 
will be pierced by the spark. 

A condenser is also frequently employed, connected with 
the primary circuit. 

§ 12. The Inductorium may be used to give the sparks 
required for examination by the spectroscope or to give an 
electric light, which is, however, comparatively feeble. It may 
be used to charge Leyden jars and produce physiological 
effects ; it may be used to produce the beautiful luminous 
effects which occur when electricity is passed through 
rarefied gases. The gases are enclosed in glass tubes having 
platinum electrodes soldered into the glass and terminating 
in balls at a considerable distance apart : instead of Ae 
spark observed in air, a diffused light is seen differently 
coloured in various gase^ ^iv^ X^^^mJoSsj!^ ^>aa56&ift.^ T!bfise 
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appear;mccs have been carelully studied by Gassiot, Pliacker, 
and oiliers. The tubes enclosing the gases may be bent 
into very complicated shapes, and filled in different pans 
with different gases, so as to produce a striking and pretty 
appearance when the current from the inductorium passes ; 
they are generally called Geissler tubes. The induction of a 
magnet, or of a current of electricity, or of a simple conductor 
outside the tubes, can be observed on the luminous current 
within, causing it to be distorted or move in those directions 
in which the inductive force would act on a solid wire con- 
ducting a similar current : for this experiment the tube must 
be wide or nearly spherical, so that the luminous current 
occupies only a portion of the enclosed space. 



CHAPTER XXI. 

ELECTRO-MAGNETIC ENGINES. 

^ 1. The most elementary arrangements bywhich electricity 
can be made to produce regular motion by electro-magnem 
force are those in which a short wire or rod conveying a 
current is made to rotate by the direct and continuoi 
electro-magnetic attraction to or repulsion from sor 
conductor conveying the same or another current. 

Let o P, Fig. 143, be a wire capable of rotation round ( 



c 




d conveying a current from the centre to the circumferem 
La ring-shaped trough of mercury into -wteiiv fet ^ 
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of the wire p dtps. Let the same current or another be 
conveyed in a straight wire a b near the edge of the 
mercury ring. Then the wire o p will be attracted by 
A B until p reaches the position p,. Chap. Ill, § 6 ; the wire 
will then be repelled till it reaches the position p, , ,, when it 
will be agani attracted, and thus continuous rotation may 
be produced in the direction shown by the arrow, if the 
other portions of the circuit are arranged so as not to neu- 
tralise the series of actions described. The force available 
even with very powerful currents is small. 

Again, let the fixed current flow in the circle a b as shown 

■ by. die arrow, Fig. 143 ; the moveable wire o p in which a 
current flows from the centre to the circumference will be con- 

' tinuously impelled to rotate in a direction opposed to that of 
the fixed current. The force will be very small, but we may 
multiply it by using a coil of many turns for the conductor 
A B. No convenient way has yet been found of multiply- 
ing the conductor o p, and the power given out by this 
arrangement is therefore still very small. 

A horizontal circular current also tends to produce con- 
tinuous rotationina vertical current approaching it or receding 
from it. Thus let a moveable system P M p,, Fig. 144, be 




placed in the centra ul" -a iv-.-.d nw^ .\ 13, Uirough whid 

current flows as shown by the arrow. Let the end 

F/ dip in a mercury tioM^, by ■wVci'Av iJoe -Mcikk througb 



lAP. XXI.] 



2g] 

iiid o P| may be maintained : both vertical currents de- 
icending to p and p^ are acted upon in one direction by the 
fixed current, and tend to turn p m Pi in a direction opposed 
tJiat of the 

. Currents can be made to rotate by rnagnets, and 
magnets by currents, under the influence of continuous 
3-magnetic attraction and repulsion. Let a magnet N s, 
145, be weighted so as to float upright in a vessel filled 




^ 
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with mercury, and let the upper end of the magnet carry a 
little capsule m of mercury, serving to connect the magnet 
with one pole of a galvanic battery by the point z, and 
yet leave it free to rotate ; the magnet should be well var- 
nished, except at its lower end. Let the other pole of the 
battery be brought to the mercury near the magnet by a 
wire c : the magnet will rotate bo long as the circuit is 
complete. The cause will be obvious if we consider the 
magnet to be a kind of solenoid, for then a force will act 
between each ring of the solenoid and the current going 
from the centre to the circumference, as in the second ex- 
paiment of the last §. The force in ttua cast V^ caasfc 
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the ring (the solenoid or magnet) to rotate, tlie cuneDt 
flowing from centre to circumference being fixed. 

If the magnet be fixed and a little wire frame similar to 
that in Fig. 144 be pivoted upon it with the two vertical ends 
p dipping into the mercury near the magnet, the fiame will 
be caused to rotate by the magnet This is explained bythe 
third experiment of § Ij if we look upon the magnet as a 
solenoid. 

§ 3. The power to be obtained from the above airange- 
ments of magnets and currents is so small that they cannot 
be employed to drive any other apparatus, and cannot 
therefore be termed electromotors. By alternately mag- 
netizing and demagnetizing electromagnets we can constmct 
electromotors giving out as mechanical effect a considerable 
fraction of the whole energy of the electric current The 
simplest electromotor is Froment's rotating engine. This 
consists of one or more horse-shoe electromagnets, a a„ 
fixed as in Fig. 146, radially outside the periphery of a 
drum, u, capable of rotation. On the periphery of this 




movable drum there are a series of soft iron bare 01 
armatures, B B B, etc. As the drum revolves it completes 
a circuit, by suitable make and break pieces, sending a 
powerful current through each electromagnet as each arma- 
ture approaches its poles within rj" or ao° ; the electro- 
magnet tlien aVtracte Ae aimaXrae a.-n4. ^ti ferN^s -iNt tern 
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forward. The circuit is intemipted, and the magnet there- 
Tore unmade, just as the armature passes the poles ; the dnini 
continues its rotation by inertia or by the action of another 
electromagnet, undJ a second annatu re approaches the poles . 
of the first electromagnet, when the circuit is made as-J 
before. The make and break pieces and successive elec-J 
tromagnets are so arranged that the current is not cut c 
from one circuit till it can flow through the next. This has 
the double advantage of tending to produce uniformity in 
the driving action aad of preventing the passage of sparks 
when the contacts are made and broken. These sparks J 
tend to bum the contacts, and gradually to prevent then 
from closing the circuit 

Another form of electromotor is constructed, resembling'^ 
the ordinary beam steam engine ; the piston is represented] 
by a magnet which is alternately sucked into a hollow coil, J 
and repelled as the current in the coil is reversed; sometimes J 
•a soft iron piston is used, which is alternately attracted and* 
set free. 

§ 4. Much more attention would be directed to electro-^ 
motors than they have hitherto received were it not for the 
fact that they are necessarily at kast fifty times more ex- 
pensive to maintain in action than the ordinary s 
engine. Zinc is the cheapest material by the consumptio 
of which electricity is produced. The energy evolved by the J 
consumption of one grain of zinc is only about ^ 
that developed by the consumption of a grain of coaL I 
A large fraction of the energy in the case of the zinc c 
converted into an electric current, whereas vee have i 
yet discovered any means of obtaining the energy of coal"! 
except as heat, and we necessarily waste a great part of this 
heat in the process of transforming it into mechanical energy. 
In the transformation of eneigy into mechanical effect tlie 
advantage lies with electricity. The whole of the enerejj 
either of heat or of an electric current 
transmuted into mechanical effect. Iti \!t\e Nit's.". 
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engines not one quarter of the heat is so Irarsfonned ; more 
frequently about a tenth is so used. It is probable liial 
larger fractions than these of the total energy could be 
transformed by an electromotor into mechanical effect i but 
this advantage, even if realised, cannot nearly counter- 
balance the disadvantage entailed by the cost of wnc, 
which is zo-fold that of coal weight for weight, and loo- 
fold thai of coal for equal quantities of potential eoeij)'. 
In estimating as above that the zinc motor may be only 50 
times as dear as the coal motor, I assume thai the electro- 
magnetic engine may be four times as efficient as the 
engine in transforming potential into actua! energy. 
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CHAPTER XXII. 

TELEGRAPHIC APPARATUS. 

§ 1. The instruments used in telegraphy may be divided 
into two g;reat classes : — I. Those which transmit signals 
representing the alphabet by signs of a purely conventional 
character. II. Those which transmit signals shown or re- 
corded in some ordinary printed alphabet. 

In the first class the apparatus is simpler, because the 
symbols representing the alphabet are chosen with reference 
to the indications most easily produced by electricity in a 
telegraphic circuit. The advantages of the second class 
of instruments are, that the chances of error which 
result from the translation of telegraphic s)'mbols into 
ordinary writing are avoided, and that no special training 
is required to read the messages as they are received. 
Each class is best suited to a special kind of work. For 
the general business of the country, carried on by a 
special staff, the first class is almost wholly employed, and will 
probably retain this pre-eminence. For private telegraphs 
read by untrained persons, and for large stations where 

r^jlj-trained mechamcs atii cXccScvciota cmx be employed, 
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fesecond class of instruments, which show messages in letters 
• print them in type, will probably also continue to 

"ioth classes may be subdivided into those instruments in 
galvanic battery generates the cuirent, and those 
I which the current is induced by a magneto-elecfrk 
[angement. 

telegraphic circuit, wlien a battery is used, consists 
ft(i) an insulated -wire connecting the transmitting and 
jeiving stations, (3) the wire of the receiving apparatus at 
; station where the message is to arrive, (3) the earth, 
tich conveys the received current back to the sending 
lltion, (4} the sending battery, or other rheomotor,* which 
alternately allowed to transmit its current into the line, and 
plated from that line by the manipulator who worlts the 
^ing apparatus, 

Tbe sending apparatus is commonly some contrivance for 

tiling or breaking the connection between the battery and 

& line ; so that when the circuit is completed, its resistance 

n of the resistances of the battery, the line, die 

e receiving apparatus, and the tract. of earth con- 

bcting the two stations. Wlien a magneto-electric sender is 

i instead of a galvanic battery, the resistance of its coils 

s the place of the resistance 0^ the battery. Inlandhnes 

fedistinctness of the signals depends, other things being equal, 

I the strength and uniformity Of the currents transmitted ; 

1 in order to save the expense of employing batteries or 

joeto-electric arrangements of great electromotive force, 

s desirable to keep the resistance of all tlie parts low, 

i, the thicker the wire the better will be the signalling 

h all classes of instmmenEs ; but the size of the wire is 

I much greater importance on long lines than on short 

The larger the plates of the battery the better, but 

tlong lines the resistance of this part of the circuit sinks 
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into insignificance in comparison with that of the line. It' 
less the resistance of the receiving apparatus the better ; but 
this also forms a small percentage of the whole resistance 
on long lines. The resistance of the earth between most 
stations is insensible if care be taken lo make the two con- 
nexions with earth at the two stations by large plUes 
buried in damp eartb. Occasionally, however, it may be 
necessary to take a wire a long way from the signalling 
station before a suitable spot for a good earth connexion 
can be found. Signals are sometunes stopped altogether 
by a failure in the earth 



Class I. 

5 3. All signals are made by the alternate transnoissitm 
and interruption of currents, and these currents may be eidier 
positive or negative ; that is to say, they maybe sent from the 
copper or zmc pole of the battery into the line, the other 
poie of the battery being necessarily put to earth at die 
same time. The following are the elements out of which 
every telegraphic alphabet must be compounded in Class I. 

1°. The relative length or duration of the currents sent 

2°. Tlie relative strength of the currents. 
These strengths may range from zero upwards through all 
strengths of positive current, and from zero downwards 
through all strengths of negative current. 

The simplest symbols are those which record merely two 
lengths, one long and one short ; and those whidi record 
merely two strengths, one positive and one negative. The 
Morse alphabet is the standard example of the former class, 
and the single needle alphabet the standard example of the 
second class. 

§ 4. Morse signals are sent by a simple key, which the 
operator depresses when he wishes to send a current, and 
raises when he wishes to interrupt it. Fig. 147 shows a 
common form. The insulating parts are generally made 
of dry wood, the icsisUivct ol VtitV \!, mtv'j'.'j sufficient 
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*■ Ehoit depression oi mere tap sends the short ele 
entaty signal technically called 3.dot , a loDger depression 
faids the second elementary signal technically called a 
msh The Morse alphabet is formed bya combmT.tion of dots 
I dashes, separated by equal intervals The letters ire 




^arated by longer pauses, and words by still longer intervals. 

e following table gives the Morse alphabet. The short 

fass are dots, the long lines dashes. 

J. 



«) ■- 



M - 



pstop(. ) 

il-coton I ; ) 

jnna(,) 



Ch 

Note of admi-1 

nitfand) / 

Hyphen (-) — - 

Apostrophe ( ' ) - — — 

Parenthesis ( — — 

Inverted \ 

Commas {"■')/ 
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Call signal ^ — 

Understand message - - - — - 

Repeat message - 

Coirection or rub oat ...... 

• End of message - — - — . 

Wail 

Cleared out atid all right 

Begin another line - — - — ^ ■ ■ 

The positive and negative alp li abet may be exactly similar 
to the above ; tlie dash, or long a^al, being replaced by a 
mark on the right side of the paper, or by the motion of some 
index to the rigjit, and the dot by a mark on the left side, 
<ir a motion to the left. 

§ fi. Ink marks similar to those printed above are made 
on a long strip of paper at the receiving end of a line, by the 
device shown in Fig. 148. 



.f^^ 




Let M represent the Morse sending key; L the insulated 
line, reaching from the sending station to the receiving 
station, where the conductor is connected to one end of 
the wire of an electro-magnet b, the other end of that wire 
being directly connected with e, the earth. Let a be a soft 
iron armature hinged at a, and having a narrow roller b con- 
tinually revolving in an ink trough b. Let the strip of paper 
e be continually moving in the direction of the anows. Then 
when M is depressed, making contact at m with one pole of 
a battery c z, the other pole of which is to earth, a cuneni 
will flow through the whole tut\iit ^nd mate the core of t 
magnetic. The end k oi ttic Knaa.^OTe.tfa'oe &«?^T«sap&^A' 
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little ToQer pressed against the paper, and a black maife 
made, ihe length of wtuch will depend on the rate at which 
the paper is moved, and the time duriog which m remains 
depressed. On raising the handle u so that the contact is 
now made at o, the current will cease to flow ; the core of i^ 
will lose its magnetism : a will rise, pulled up by a litllM 
spring, and the ink mark will cease on the paper. Thtisi 
a shon depression of M will make a short mark or doty 
a long depression of u will make a long mark or dash. Thej 
hiindle M is iQ the diagram shoivn in a neutral positionJ 
making contact neither at o nor at m ; in practice il is nevoq 
in this position, but makes contact at O when not depressed^ 
by hand. ] 

Fig. 149 shows a compiete Morse ink writer as made bw 
Messrs. Siemens Urothers. The following is a descriplioiM 
of the instniment almost in their own words : — E is tha 
electro-magnet, through which the received current passesj 
H is a handle by which the clockwork is wound up. 1 

The clockwork placed inside the instrument turns a smaQI 
milled roller w, and the printing disc d. The friction rolled 
w, is pressed, by means of a spring v, upon w, and tumn 
with iL j 

The disc of telegraph paper s is placed upon tlie horiKonldM 
wheel F, which turns on a hardened pivot a. Horizonti^ 
wheels for paper were first introduced by Mr, Stroh, asm 
are much superior to vertical wheels. The end of the stn'M 
of paper is led round the roller s', turning on a vertic!^ 
axis, thence under the roller s", over the roller s, and under] 
the small steel roller /, where it is struck by the printing^ 
disc D, on the armature e being attracted by the electroJ 
magnet e. From the small roller i the strip of paper passCM 
between the friction rollers w and w,, which, when ihey r©.] 
voive, draw the paper forward in the direction of the arrows;.] 

The roller w, can be lifted by the small handle x ; and iH 
will be found convenient to lift it in this manner when in«i 
troducing the paper between the friction ToWex^ ■« a,wi'«V'J 
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A A is a brass vessel for holding a supply of printing-ink,-! 
the opening to which for putting in the ink is supplied withB 
a cover c to prevent dust from getting into it; the vesscLj 
terminates in an open cup or trough b b, in which the print-J 
ting disc D revolves. The vessel a a is fastened to the sideB 
of tlie apparatus by means of a screw with a milled head c, I 
so that it can be easily removed for refilling or cleaning. 1 
The spindle on which the printing disc d is fastened revolves.l 
in an eye at the end of the continuation h of the printing^ 
lever H H. The spindle is made to revolve by being joined,,,! 
at the end furthest from the printing disc, by a species of! 
universal joint, to the end of a short spindle carr>'ing a cog-B 
wheel in gear with the clockwork. The printing disc is thu>;l 
kept revolving, altliough free to follow the motions of tfaeV 
printing lever. ■ 

Should it be wished to stop the clockwork of the instni- ■ 
ment, the handle Q must be pushed to the right, by which fl 
the spring / is pressed against the small metal collar^ of 'I 
ihe regulator t. The release of the clockwork is effected by I 
moving the handle q in the opposite direction. I 

The cores of the electro-magnet are of soft iron, unitedij 
by a cross-bar and surrounded by the wire coils. The I 
lever h h moving between the points 2 and 3 of thej 
screws m and m,, carries on one arm an armature of iron e^ 
and at the other end die continuation h. In an eye at theS 
end of which revolves the end of the spindle which carricM 
the printing disc d, I 

TTie contact screws m and «, limit the play of the print- I 
ing lever h k. In order to draw the lever back to its normal. I 
position as soon as a current has ceased, a spring k is pro- 1 
vided, the degree of tension of which can be regulated by 1 
means of the nut 0. Another adjustment has been adopted, J 
in addition to the above, by wliich the electro-magnet e haaJ 
been made moveable, and can be raised or lowered by fl 
means of the milled headed screw n, thereby increasing orj 
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decreasing the distance between the cores of the magnets 
and the armature c of the printing lever h h. 

When the circuit, Fig. 148, is closed zXtm. current from the 
copper of the distant battery, after traversing the line, enters 
the printing instrument -r, passes through the coils £ of the 
electro-magnet, Fig. 149, and leaving the instrument returns 
through the earth to the zinc of the distant battery. As 
long as the current lasts, the iron cores are converted into 
magnets, the free ends of which will attract the armature 
e and thus set the printing lever h h in motion. The con- 
tinuation // of the printing lever h h consequently presses 
the disc d against the paper band, upon which it produces 
a dot or a dash, according to the length of time during 
which the armature is attracted by the cores. 

There are many modes of receiving and recording the 
Morse signals besides that just described. In many old 
instruments the roller by Fig. 148, is replaced by a mere 
steel pointer or style, which makes a little indented line when 
pressed on the paper by the depression of a. In Bain's 
chemical telegraph. Fig. 150, the electro-magnet r is wholly 
dispensed with. The depression of M sends a positive current 




through R, c, and L, and then at the receiving station 
through a steel style r, pressing on a band of paper/, 
\vhich has been soaked in a mixture of equal parts of satu- 
rated solutions of {etiocYaim^^ ol ^ciXassivasfiL ^nd nitrate of 
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mmonia. The current next flows to r and through m to 
I earth, the handle of m being raised. The diagram shows 
5 arranged thai all signals can be sent from 
^ither end. At the receiving station the keys m or m make 
lontact at o or 0. Prussian blue is deposited so long as the 
fUnrent passes through the paper, and thus the long and 
fcort signals are recorded by short or long blue marks. 
iiere should be a slight excess of carbonate of ammonia in 
fte solution of nitrate. 

I' Sometimes the Morse signals are indicated to the ear or 

fre \fithout being recorded. Thus, even if the paper at p, 

. 148, be removed, the mere sound of the armature as it 

pes and falls is intelligible to the ear of a skilled operator. 

**e sounder, as it is called, is coming into extensive use and 

fnsists of a Morse receiver without clockwork or paper or 

"Cing roller. The sound is produced by the lapping of the 

f'ei H, Fig, 149, against the stops ot and m,. The mere de- 

ction of a galvanometer needle, included in the circuit at 

\ "Will be etjually intelligible to the eye. It is only necessary 

I XEjake the needle light and confine its motion within narrow 

sits, so that each current in passing produces a single well- 

^rled depression lasting for a longer or shorter time, and 

a series of unchecked oscillations. 
[ § 6. The simplest form of receiving instrument for posi- 
ts and negative signals is a little g.'tlvano scope, the index 
' "Which can deflect only a short distance to right or left of 
aero, being checked by stops. The inside of one of 
*ese instruments is shown in Fig. 151, 1 i are the coils 
'^stened to the back of a little door which opens to allow the 
*orks to be got at ; a is a support in which one pivot of the 

^^leedle works ; n p are the keys used in sending ; the needle 
S N and pointer a i are shown in Fig. 152. The key by which 
the positive and negative signals are sent from one and the 
same battery is better shown in Fig. 153, l and e are two 
springs connected respectively with the line and with earth,' 
Tbey, when HuloncJi'^d by the hand, press a!giV[\s\.'Ccvfe\£^^\ 
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bar c, which is connected with the copper pole of a battery. 
Either spring can be depressed by die finger so as to come 
in contact with the bar z, which is connected with the j 
pole of the battery. If l is depressed, a negative current 
flows into the line ; if e is depressed, a positive current flows 
nto t e 1 ne The galvanoscope at the other end is so con 
nected thtt the depress on of the left hand key causes a de- 
flect o to ti e left a depress on of the right hand key a 
defle t on to tl e r ght The fonn of galvanoscope used s 




called the single nudle instrument, and the alphabet the single 
needle code. The Morse code given above is often used, 
a dot being a deflection to the right and a dash a deflection 
to the left. 

Sir Charles Bright introduced the hdl instrumenf as a 

substitute for the smgle needle. His instrument contains 

two bells struck by the depression of the armatures of two 

. e/ectro-ntiagnetSiOne'woi'^nftei'^^^- ^^"^*^^'^'*-'5» 
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was worked by its own relay ; one of the relays worked 
when a positive current was received, and the other when 
the received current was negative. This instrument is falling 
into disuse. 

§ 7, The connections sliown above are most suitable foi 
comparatively short lines. On longer lines more complex 
arrangements are generally adopted, involving the use of 
relays. The Relay is an instrument which retransmits the 
original signal from a fresh battery : it may be used either 
to send this signal to a distance along a second section 
of line, or simply to send a strong current from a local J 



n—- 



tttery through the receiving instrument. The current 
reived from a distance is often so diminished by leak- 
e that it is insufficient to work the electro-magnet which 
iffks the paper, or to give legible or audible signals, 
d yet it may be sufficiently strong to move an armature 
"1 sufficient force alternately to make and break an 
Bectric contact and thus indirectly to work the receiv- 
ing or recording instrument. Fig, 154 shows the con- 
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nection for a Morse system with relays at each end, worked 
by single currents. 

Corresponding parts at the two stations are indicated by 
the same letters, capitals being used for one station and 
italics for the other, r is the relay, and c z the sending 
battery; Rj is the Morse instrument, and Ci Zj the local 
battery used to work it. The depression of the key m 
making contact at sends a positive current through the 
line L to M, and through the contact P to the electro-magnet 
R of the relay and thence to earth. The electro-magnet r 
attracts the armature of the relay, making contact at N and 

Fic. 154. 




thus sending a positive current through Ri, the electro-magnet 
of the recording instrument. 

Obviously r^ might be at a station 100 miles from r, in 
which case l, would be the second line, and the portion 
of the circuit from Zj to Ri the earth. 

Relays are constructed so that a very slight difference in 
the strength of a current determines whether the moveable 
tongue or armature makes contact at n, or rests against 
an insulated stop. Care is also taken to provide such adjust- 
ments that the tongue may be made to move with any desired 
strength of current : thus the relay may be set so that with zero 
strength the tongue rests on the stop and makes contact when 
the current reaches the strength unity, orit may be set so that 
it rests against the stop when the current has a strength 100, 
and makes contact vA\eiv \)[v^ o\xx^xsX.\sa& ^. 's^x^xsj^ik 10 1. 
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Relays are also often made so that the tongiie moves only 
with a current of one sign, remaining unaffected by a current 
of the opposite sign ; the core of the electro- magnet may in 
this case be a hard steel magnet, the polarity of which is 
never reversed by the currents received. Other relays 
are made so that when the tongue has once been de- 
flected to make contact, it will not return until a reverse 
current has been sent through it The best known form of 
this species is the polarized relay made by Messrs. Siemens, 
and shown in Fig. 155, s is the Pi^ ^ 

south pole of a hard steel magnet, 
the nortji pole of which is bifur- 
cated and ends in the two pieces 
n « I, between which the tongue a 
of the relay oscillates, pivoted at 
D. The coils are wound round tiie 
two north branches of the magnet 
in opposite directions, so that a ' 
current in one direction tends 
to make «i north and n south, 
while the reverse current would 
make n, south and n north. The tongue ", made of soft 
iron, becomes a south pole by contact with s s. 

Relays can be arranged so as to send positive and 
negative currents corresponding to positive and negative 
currents received. 

The Morse ink-writer can easily be arranged so as to act 
like a relay, the armature being employed to make the 
necessary contacts instead of to mark paper. With instni- 
nients of this class Messrs. Siemens, on the Indo-European 
line, work from London to Teheran, a distance of 3,800 
miles, without any retransmission by hand. There are five 
relay stations in this circuit, 

§ 8. In ordinary Morse signals and in all olliers where only 
one current is absolutely required, there is nevertheless 
some advantage In using the negative OOTtwX. Ma fefi"s\aji*. 
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the armature and so terminate each signal. This S3rstem 
was introduced by Mr. Varley. It considerably simplifies 
the adjustment of the relays and has other advantages. 
Where these reverse currents are not used, the relay tongue 
must be pulled back by a spring or by magnetic attraction, 
and their adjustments require to be continually altered. 
This spring requires continual adjustment to suit the strength 
of the received current, which varies much during each day 
as the insulation of the line varies. With a polarized relay 
and reverse currents, no such adjustment is required, be- 
cause the positive and negative currents decrease simul- 
taneously; and if there were no earth .currents^ a good 
polarized relay once set for reverse ciurents would never 
require to be touched ; practically, all relays require adjust- 
ment from time to time. Earth currents are currents 
flowing along the line, not sent by the batteries, but de- 
pending either on a difference of potential between the 
earth at the two stations or on induction from passing clouds. 
Currents often flow for hours in one direction through the 
lines, and the signalling currents are superposed on these 
earth currents ; the relays then have to be set, so that when 
no signal currents are passing the armature is attracted more 
strongly by one armature than by the other, and the amount 
of this bias must be regulated as the earth currents vary. 

§ 9. With the connections as shown in Fig. 154, although 
no current is sent direct from the battery through the home 
relay circuit, every signal sent causes the relay at the sending 
station to work, if the line is long and well insulated, or 
if it includes many miles of underground or submarine wires. 
This action is due to the statical charge which accumulates 
on the line l. When contact is made by the key m at 0, 
the line l becomes statically charged. When contact is 
broken at o, and made at p, part of this statical charge flows 
to earth through the relay r, the other portion flowing on 
through the distant relay r \ thus the key m as it makes and 
breaks contact causes \Tv\ercv\\\X.e\\x. o\Tt«\\s» x^ ^<5s^ ^tou^h 
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the bome relay which will work the local Morse instrument R,. 
This action is not only unnecessary, but is detrimental, 
because the currents returned in this way are often so 
strong as to alter the pemaanent orresiduaJ magnetism of the 
relay, which then requires readjustment wlien signals begin 
to arrive from the distant station, and moreover the local 
battery c, z, is put in action by these return currents when 
not required. The return current is especially great wheu 
any portion of the line l is formed of wire coated witli 
india-rubber or gutta-percha, because lines so formed 
have a much larger electros tatical capacity than the 
ordinary aerial land line. Where this inconvenience 
exists, each station may be provided with an apparatus 
called a switch, by which the connections are altered at 
will, so that when the station m, fig. 154, for instance, is 
sending the relay, r is not in the circuit between p and e, 
which points are then directly connected. 

The sending key m is sometimes so made as to put the 
line to earth for a short time between the two positions 
where it makes contact respectively with o and p. 

A stiil better arrangement for discharging may be em- 
ployed, in which the action of the current sent from the 
home station puts p to earth by means of a separate relay, 
and keeps p to earth by residual magnetism for a very short 
time after the key m has broken contact at o and made con- 
tact at P. With this arrangement the distant station can at 
will interrupt the sender. 

§ 10. The following points must be attended to in the 
construction of telegraphic apparatus : — 

The core of the electro-magnet should be arranged so that 
its magnetism changes rapidly at the commencement 
or cessation of a current ; otherwise rapidly alternat- 
ing changes produced by rapid signals will not be regis- 
tered by the armature. With this object, if soft iron is 
used, the mass should not be great ; the core should be 
hollow, and split longitudinally, a.tid ftve S.iaw ^•axJA.^nt 
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carefully selected with as little coercive force as possible. 
The highly magnetized cores of polarized relays gain and 
lose the small increments of magnetism due to feeblt 
currents with less delay due to coercive force than is ex- 
perienced with soft iron. The coercive force in the anna- 
tures is another source of delay in rapidly alternating 
signals. These armatures should, therefore, be imile 
light, and must not pass through very different states o* 
magnetization. If allowed, for icstance, actually to touch tl> ^ 
core of the electro-magnet, they become so highly mag- 
netized that when the electro-magnet is weakened by ll> * 
cessation of the current, they often adhere to the core undcs^ 
the influence of residual magnetism, requiring a very stroik^ 
spring to pull them back, and consequently a very powetfL^»' 
current to pull them against Che spring to the electro-magne '■^ 
The most delicate relay is that in which, other thin^^ 
being equal, the armature moves in a nearly constar» ^ 
magnetic field, which is alternately weakened and strengtt*' 
ened by the received current. The alteration produced i-*^ 
the magnetic field of the electro-magnet by the passage of ^■ 
current should, however, be the greatest which that cunen * 
can produce, and this condition requires that the iron o'' 
steel core should not be very small ; moreover, some litil^ 
pressure must be exerted at the contacts, or the tongue of 
the relay will be made to tremble by the mere passage of ll*^ 
local current, which exercises a repulsion on itself ; to obtain 
the necessary force, the armature must have considerable 
bulk : these two last conditions are antagonistic to those ^fSt 
mendoned, and experiment alone can determine the best 
proportions. The form of the electro-magnet should be 
such as to give the strongest and most uniform field possible 
with a given intensity of magnetization. This condition '* 
entirely violated in the common relay or ink-writer, where 
the armature stretches across the poles of an ordinary horst- 
shoe magnet. It is much more nearly complied with in the 
Siemens polarized Te\a.y descrfc&i afeoNc. Tta IJatra ol 
Iron or steel core srA ftv& &.'i.tttottnH&^ rii- toft ■;»«.<!»»'" 
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^Bagoet should be such as to give the maximum intensity of 
noagnetization per cubic centimfe^tre of core consistent with a 
given current passing through a given lengtli of wire. This 
condition is probably very imperfectly fulfilled by any 
relay yet constructed. 

The mass of the armature should be so distributed that its 
moment of inertia may be the smallest that is consistent 
with the necessary weight of the armature and position of 
pivots ; any increase in the moment of inertia pto- 
iduces a proportional diminution in the angular velocity 
with which the tongue will move under a given force, and 
!the rate at which a relay will work depends on this angular 
,velocity. If the moment of inertia be doubled, the force 
lemaining the same, the angular velocity acquired in a 
^ven time will be halved, and the angle traversed in that 
le will be halved j but to traverse the same angle, i.e. to 

is from one contact to the other, will not require double 

.^e time, but only i'4i4 times the time required by the 
9^ter armature, because 1-414= ,/a. The moment of 
Inertia is the sura of the products of the weight of each 
particle into the square of its distance from the pivot round 
which the mass rotates r it is therefore not only desimble, 
when rapid motion is to be produced by a weak force, that 
the weight should be small, but also that it should be near 
the pivots. 

No barm is done, however, by putting the pivots far from 
the points of contact, because we thereby diminish the angle 
through which the armature has to move between the 
contacts ; so that if we halve the angle and double the 
moment of inertia, the one change exactly compensates the 
other. 

The wire on the electro-magnet (or in the coil of the single 
needle instrumeiit) should have a moderate resistance re- 
latively to that of the whole circuit :' thus on short lines a 

' One antborily sfij-b /;, of tlie resisUince of iW wtjiVo asca*.-, «i;\» 
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thick, short wire should be used for the electro-magnet ; but 
on long lines, relays with long, thin wires are required. The 
reason for this is the same as that for using galvanoipeteis 
with long coils to test insulation, and galvanometers with 
short coils to observe currents in circuits otherwise of small 
resistance. The common single needle instruments have a 
resistance of about 200 ohms, the coil being made of No. 35 
wire. 

The direct ink-writer used for short lines may be coiled 
with No. 35 wire (0*005 inch diameter), and have a 
resistance of about 500 ohms. 

The electromagnets in local instruments (no line wire on 
circuit) are made with wires of from '022 inch to 0*012 
inch diameter (Nos. 24 to 30). 

A Siemens polarised relay may be made with No. 40 
copper wire, and have a resistance of 500 to 700 ohms. 
These relays sometimes have a resistance of 3,500 ohms. 

All contacts must be made by platinum points, platinum 
being the only metal which is not oxidized or dirtied by the 
passage of the little spark which accompanies the making 
and breaking of the circuit. This spark wears out even the 
platinum contact pieces in time: it may be avoided by 
connecting permanently the two contact pieces through a 
resistance so large that the current passing when contact is 
broken is small enough not to be injurious. The same 
object is gained by placing a small condenser between the 
contact pieces, each contact piece being connected with one 
of the two armatures. 

§ 11. In place of a voltaic battery, a magneto- electric 
arrangement may be employed to send currents. Thus a 
Siemens armature worked by hand may be employed to send 
Morse signals, the motions of the hand being similar to those 
required for the Morse key. The depression of a handle 
moves the armature in one direction, and sends, say, a posi- 
tive current, which by a polarized relay causes an ink-writer 
to begin marking th^ ^a'^^x. '^iO \w!k% "a& ^^ -^jpcoaitjiie 
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handle remain depressed the ink-writer continues to 
, though no current is flowing through the relay, the 
!>ngiie of which is held over by the permanent magnetism 
"its magnet; when the handle is raised and the armature 
Jved back to its original position, another short current is 
at in the opposite direction lo the first. Tliis second 
rent throws back the tongue of the relay, and the ink- 
ttiter ceases to mark. The current produced is the equi- 
lent of the power employed to work the armature ; 
onsiderable force must therefore be exerted to send a 
iixent suitable for a long circuit Other magneto-electric 
langements are used to send -f and — signals for the 
igle needle receiver. The induced currents are of very 
ort duration ; and hence, although tjie E. M. F, which pro- 
ces them may easily be made much greater than that of 
batteries usually employed to signal, yet the actual 
iti^ of electricity transmitted for each signal is generally 
h less than is sent by a battery. 
On a long line the received current is longer in duration 
n the %e.n\. current, and proportionately feebler. On a 
Mt line the received current and that sent are both so 
irt, that even when strong tliey may fail to move an 
lature which would work freely with a feebler current 
(longed for a longer time. The E. M. F. produced by the 
gneto-electric arrangement is so great near the sending 
tion, that the leakage is much greater in proportion to 
. whole quantity of electricity sent than when a battery is 
d. This would not be die case if the resistance of the 
Its where electricity escapes followed Ohm's law, but the 
istance of faults seldom follows Ohm's law. More es- 
;ially surface conduction, which is the chief cause of leak- 
i on land lines, allows much more than double the current 
pass when the E, M. F. is doubled. Ori underground or 
imarine liaes the high potential produced for a short 
le by the magneto-electric sender tends to send minute 
rks through tAe insulating material, anft WJ\.0 tKase.S.5uiM^ 
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Magneto-electric senders, owing to the above causes, are 
not much used on long or important lines. 

§ 12. Tile simple Morse or + and — key can be worked 
at the rate of from twenty-five to thirty-five words per minute 
by a skilled operator. Receiving instruments can, however, 
record even more than loo words per minute (of five letters 
each). Automatic transmitters have therefore been adopted 
in which the messages are prepared by several operators, 
being, represented by punched paper or metal types, and 
these types or paper strips passing through the transmitter 
determine the required succession of currents. Sir Charles 
Wheatstone's automatic transmitter is the most successful 
yet used. In this instrument the messages are represented 
by three rows of holes in a strip of paper. For + and — 
signals a hole on the right-hand side represents a + signal or 
(lot, a hole on the left-hand side a — signal or dash. Uni- 
formly spaced central holes serve to move the paper on at a 
constant speed. The right and left-hand holes determine the 
contacts made and signals sent very much as the cards in a 
Jacquard loom determine the pattern in woven stuff. The 
contacts are determined by the position of two little plungers, 
which are either kept down by the unpunched paper or come 
up through the holes. Whenever a plunger rises through a hole 
a current is sent into the line \ a -f current when the hole 
is on the right side ; a — current when the hole is on the 
left side. The contacts are pressure contacts, with a slight 
slip at the moment of making contact, which are superior to 
any contact in which the surfaces merely slide one on the 
other. By a somewhat more complex arrangement of 
similar character, the long and short Morse signals are 
sent. A full description of this instrument is given in the 
Fifth Edition of Mr. R. S. Culley's Hand-book of Prac- 
tical Telegraphy. 
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Class II. 

§ 13. The elementary signals used in those telegraphic 
systems which show or print Letters are proiluced, as in 
Class I., by the alternate transmission or interruption of 
currents, sometimes all of one sign, and sometimes botli 
positive and negative ; but these transmissions and interrup- 
lions are not themselves the subject of direct observation or 
record ; they are used to work the escapement of clockwork 
in what may be termed ' step by step ' instruments, or to 
t synchionous actions in the sending and receiving in- 
:, which are driven with similar motions at the two 
ends of the line. 

The 'step by step' instruments sometimes print the 
messages, but more frequently show the required letters in 
succession on a dial. The synchronous instruments all 
print the letters, but they effect this by various distinct in- 
ventions, the more striking of wliich are Hughes's, Caselli's, 
and Bonelii's. 

All ' step by step ' instruments are very much alike. A 
ratchet wheel on an axis bearing the pointer is worked by a 
propelmcnt which, as eacli current passes, turns the ratchet 
through a segment of a circle corresponding to one tooth or 
half a tooth of the ratchet. Fig. 156 shows a form now made 
by Messrs. Siemens Brothers, and very similar to that first 
introduced by Sir Charles Wheatstone : « s are two poles of 
a polarized electro-magnet, similar to that used in their relay 
(§ iQ above). The soft iron tongue Tworks between these, , 
pivoted at t, being attracted to s by one current, and to « by J 
the reverse current. Tlie tongue t carries at its other extremity.* 
one end of the axis of the ratchet wheel d, having thirteen J 
teeth ; the other end of the axis is on a fixed bearing, andM 
carries the |)ointer. The play of T is limited by two stopi 
q, y,, and the rotation of the ratchet is determined 1 
two stops/,/,, and four springs, Jt, //j, ^5,/;^, two of which, jt I 
and h,. have a catcli at their end, a.ia.'j^fti \a \\ ' 



I' » 



320 Electricity and Magnetism. [Chap. XXII 

ratchet The tongue t is shown drawn towards n ; the ratchet 
is locked by the spring h^ so that it cannot turn to the right 
neither can it turn to the left, because it is locked by the stop 
/. The position of the pointer is therefore perfectly definite. 



Fiu 156. 




The next current received will attract t to j j the spring A 
will turn the ratchet ^V o^ a revolution, and it will then be 
locked by the spring //, and the stop/i; the following current 
will turn the ratchet an equal distance by moving it towards 
;/, and thus each alternate current will carry the pointer 
forward by ^^^b of a revolution over the dial, on which there 
are twenty-five letters and one blank. 

These thirteen positive and thirteen negative currents will 
cause the index to make one complete revolution. Let us 
assume that the index is at the letter a, then one current will 
move the index to the letter b, three currents more will move 
it to E, and seven currents will send it to l ; by sending the 
right number of currents and then pausing for an instant, the 
index will be made to travel from letter to letter, and to pause 
at each letter required to be read. The index may be driven 
by clockwork and tY\e tee\)[\ ol ^xv e.^ca.^\s^^\^x^^^c«[5s?^&«nte^ 
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■ the currents, or the escapement wheel may, as in the 
■Dve example, be replaced by a propelment wheel, such that 
Kh motion of the armature causes it to move on one tooth. 
Bie latter is the plan now most in use. 

Erhe right number of currents is sent by means of a dial 
Ithe sending station, and an indes with a handle which 
m be turned from letter to letter ; the letters on the send- 
H dial correspond in number and arrangement to those on 
fc receiving dial. The handle always moves in one direction 
■d sends one current {positive and negative alternately) as it 
■Bses each letter, Whenlhe index of the receiving instrument 
Id the handle of the sending instrument have once been set 
fcosite the same letter, the sending operator has merely to 
KD his handle at a moderate speed to each letter in succes- 
ni which he wishes to send, and hy so doing he will send 
Bt the number of currents required to bring the receiving 
Hex step by step to the same letter. Should any current 
ftcurrents fail to move th^ receiving index, the sender and 
teiver, finding that the signals are not understood, put 
men instruments to one letter or mark {sending no currents) 

■ a mechanical arrangement contrived for the purpose, and 
ftommence the message from the point at which it 
Kame unintelligible. The currents sent by the handle as 
n turned round may come from a battery, or, as is more 
■imonly the case, from a magneto-electric arrangement. 
K 157 shows the magneto transmitter used by Messrs. 
Knens. 

K"he handle H is fastened to the spindle a carrying the 
fcthed wheel l, which latter gears into the pinion t of the 
Bindrical armature or keeper e. This armature e is mount- 

■ vertically upon pivots between the poles of a series of 
fcnanent magnets g g g. One revolution of the wheel l, 
Rif the handle h fixed thereto, causes the pinion of the arma- 
■e E to revolve thirteen times, as the teeth of the former 
p in the proportion of thirteen to one of the latter. As one 
H turn of the armature produces t«o cOTienXa nt a^^aa^ft 
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a coi! of insulated wire forming part of tb^ 
cylindrical armature E, twent)'-six currents, alternately pos*-' 
tive and negative, are generated during one revolutioiH7* 
the handle ; the dial is divided, as above stated, intc^ 
twenty-six parts, viz. twenty-five letters of the alphabet (W 
wid J being taken as one) and one blank. 



^tf" 



1 

r-shorof^ 



Sir Charles Wheatstone's inagneto^iectric letter-shtw 
dial step-by-step instrument is perhaps the best yet intro- 
duced. 

WJien a radial arm is employed to drive the armalUKS 
of mapnelo- electric induction coils, the induced currents 
are generally very unequal in strength, because the opetatw 
naturally begins and ends the motion comparatively slovi'l)'- 
Sir Charles Wheatstone, therefore, drives the magneto- 
electric armatures continuously, and regulates the number of 
currents admitted into the 3ine by a series of stops, coirt- 
sponding to thirty letters and symbols airanged round a dial, 
The propelment in the receiving instrument is admirably 

"t and accurate, and its workmanship very perfect. These 
e instruments are chiefly used for short private lines, but 
z been employed otv cweoita o^ ■mcn.ix 
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§ 14. The ' step by step ' printing instrument is made on a 
plan differing little from that of the letter-showing instru- 
ment. The pointer is replaceni by a ring on which the types 
of tKe required letters and symbols are placed ; this ring is 
turned by the propelment or byan escapement and clockwork, 
so that each required letter is brought in turn opposite the 
paper 011 which the symbol is Co be impressed ; the pa]>er is 
then struck against the letter on the ring by some special 
device differing in different instruments. Inone the mere 
pause of the dial suffices to allow the striking or printing 
hammer to act. In another positive currents alone are used to 
work the escapement, and a negative current, sent when the 
desired letter is reached, determines the impression by the 
stroke of a hammer. In a third a second line wire is used 
to gi th bl wh'cii prints the letter. The paper then 
mov p These instruments have not come 

large will be observed that the number of 

altem g rr ts required for each letter in the 'step by 
step m tru gr atly exceeds the number required by in- 

St run C 

§ 15. The Hughes printing instrument is the typical 
synchronous printer. The principle on which it is based may 
be stated as follows ; — Two type- wheels, having letters on their 
periphery, one at the sending and one at the receiving sta- 
tion, revolve with equal velocity, and are moreover so placed 
that the same letter in each wheel passes corresponding fidu- 
cial marks at the same time. The fiducial mark in the receiv- 
ing instrument is opposite a little roller, carrying a strip 
of paper which is struck against the edge of the rotating 
wheel by the release of the armature of an electro-magnet 
whenever a current is received ; a letter is printed by 
the blow without stopping or sensibly retarding the wheel j 
tlie paper is then pulled on a step by clockwork, the arma- 
ture replaced on the electro-magnet, and all is in readiness 
for the next letter. The letter which is printed 
depends on ihe letter of the whee\ "«\v\cVi 'oa.v^fg. \a\«- 
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opposite the roller and paper at the moment when the 
current arrives. A series of keys like the keys of a piano- 
forte, and each lettered to correspond with the letters of the 
alphabet, are so arranged relatively to the sending wheel that 
the depression of the key a causes a single current to be 
sent when a is opposite the fiducial mark at the sending 
station ; the current occupies no sensible time in reaching 
the other station, and strikes up the paper when the a on 
the receiving wheel is at the fiducial mark. The letter a is 
therefore printed ; if the operator next touches the key N, 
tlie sending wheel causes a current to pass when n is opposite 
the fiducial mark ; at the same instant N is opposite the 
paper and roller at the receiving station, and the letter N is 
accordingly printed. This action can be repeated inde- 
finitely with any series of letters so long as the two wheels 
keep perfect time. Each wheel is driven by clockwork, 
and regulated so as to keep very nearly perfect time, by a 
spring pendulum, which vibrates with extreme rapidity, and 
regulates a firictional governor connected with each wheel ; 
any trifling deviation from perfect synchronism is corrected 
by every current sent. The act of printing slightly accele- 
rates the receiving wheel if it is behind time, and slightly 
retards it if it is too fast. This is done by a little wedge 
which, whenever a letter is printed, is forced between the 
teeth of a star wheel fixed to the type wheel. This wheel 
is not rigidly connected with the axis on which it is centred 
but is maintained in its position by friction. This position 
can therefore be corrected without sensibly afifectmg the 
speed of the clockwork. This instrument is the best of the 
printing instruments hitherto introduced : it has the great 
advantage that only one current is required for each 
letter. 

§ 16. Bakeweirs and Caselli's copying telegraph appara- 
tus requires synchronous motion at the two ends of the line. 
The principle on "wl^vcb. their instruments are constmcted 
may be explamed as fo\\o^?». 
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The message is plainly written in common ink on a sheet 
of paper, a, covered with thin tin foil, Fig. 158. A corre- 
sponding sheet of paper, B, is chemically prepared, so that 





when a current passes tlirough it from a pointer r to earth, l| 
mark is made similar to that used in Bain's instrument. 1 " 
pointers s and r are drawn across the papers a and b i' 
succession of parallel equidistant lines with a perfectly s 
chronous motion, A batter)' is connected with the tini 
paper, the line L, and the earth, as shown in the sketcfa 
When the pomter s touches the tin, the battery is shortC 
circuited through the tin; no sensible current reaches 1 
and K leaves no mark ; but when s crosses the ink o 
turrent from c z flows through L, and so long as s reraaiiH 
insulated from a by the ink a line is drawn by the point R. 

It is easy to perceive that the result must be „ 
as accurate a copy of the original writing as 
can be produced by a series of fine lines inter- y^- 
rupted in the proper places, as in Fig. 159. *^ M \ 

The sj-nchronism required is in Caselli's - 
instrument obtained by a pendulum at each 1 
ceiving station; one beat of the pendulum corresponds to each 
line drawn across the paper; the one pendulum controls the 
cither by a current which it transmits from the sending 
station through a special circuit temporarily connected with 
the line. 

§ 17. By various differential arrangements messages can 
be sent simultaneously in both directions through one line. 
The canentssenti^om llie two stations do Tvot i^aS^ ''cta:**. 
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simultaneously in opposite directions through the* line, but 
the effect of the signals on each receiving instrument is 
precisely the same as th:ugh the line were being worked in 
only one direction. 

Let the connections be arranged as in Fig. i6o. r and r 
represent two relays, each wound with two coils capable of 
producing equal magnetization in the core if equal currents 
are passed through both coils. If equal currents pass in 
opposite directions through the two coils, the coil will neither 
be magnetized nor demagnetized, m and m are two Morse 
keys, so made that the line must always be in contact with 
the earth or the battery, or (for a very short time, as the key 
moves) with both. When the handle at m is untouched, 
there is unbroken connection from the line round the inner 
coil of the relay to earth through the contact o and the wire 
V. There is a second connection between the line and the 
earth from the point n, through the outer coil of the relay, 
and through the resistance coils w. The condenser d is 
connected, as shown, with this branch. 

^Vhen the handle m is depressed, contact is made at p, 

Fig. 160. 



Hlft 




i2 



N 



P O 



MTi 

C 3 



\ 



I 




L 




which for an instant short-circuits the battery c z through 
tlie wires Vi and v, and immediately afterwards contact is 
broken at o, so that the battery c z is connected with w and 
thence with two c\ic\i\\s^ oxi^ \)cv\qn\"^ ^^^ss^fcVi>iBfc^^stont 
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station and one through the outer branch of the relay to 
eart]i at the Home station through w. 

The resistance of w is made equal to that of the line l, 
added to that part of the circuit by which l is connected with 
earth at the distant station ; the capacity of d is so chosen 
tTiat w and d may represent an artificial line in all respects 
equivalent to the real line. 

Thus there may be nine arrangements of the positions of 
the Iteys m and m. 

1 . Let M be depressed and m untouched. The battery 
c 2 sends a current round both coils of r, which does not 
^vork, as the currents flow in opposite directions ; it also sends 
a- current through the line l, and thence round the inner 
'ioil of r and to earth through o; the relay r works and 
E^Ves a signal. 

2. Let M be depressed and m also depressed. The 
Currents which each battery would send through the Hne 
T>e\itralise one another, but each battery sends a current 
^rouiih the outer coil of its own relay ; both relays work, 
^rid signals are received at both stations. The current sent 
through the outer coil of each relay is equal to that whicli 
iVie battery would send through the line and inner coil of 
'^he distant relay. 

3. Let m be depressed and m untouched. This case is 

» similar to the first case; a signal is indicated by the 
Klay R. 
4. Let neither key be depressed, both batteries are cut 
off the line and no signal is indicated by either relay. 

5. Let both M and m be in the intermediate position, 
contact made at p and p but not broken at 3 or 0. No 
signal will be given at either station. 

6 and 7. Let the key at m or m be^in the intermediate 
position and the other key not depressed ; no signal will 
be indicated at either station. 

8. Let the key at m be in the intermediate ^ositiQa 'wtft'R 
m is depressed'. The current produced \i^ c a ■«"■& >» "(ssi.- 
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altered, and the signal will be received through the inner 
coil of R. 

g. If the key at in is tn the inteimediate position, and M 
depressed, a signal will be received by the inner coil of/; 

In every arrangement of the keys M and m, the effect pro- 
duced on the relays is such that when m is depressed R 
receives a signal, when m is depressed r receives a signal 

This arrangement is a modification of that introduced by 
Messrs. Siemens and Frischen, and is due to an American, 
Mr. Steams. 

Mr. Stearns finds it advantageous to introduce two resist- 
ance coils, V and Vj ; v is made equal to V|, + the battery 
resistance; and Vi is chosen sufficiently large to prevent 
the polariKation of the battery when momentarily short- 
circuited through v and V|. 

By short-circuiting the battery, Mr. Steams is able to avtnd 
insulating the point n when the key m is in its intermediate 
position. If N were insulated, the received current would 
pass round both coils of the relay and would pass to earth 
through the resistance w. At first sight this latter arrangement 
(which was that used by Messrs. Siemens and Frischen) 
seems perfect, for we have the current diminished to one- 
half by a doubled resistance and at the same time acting 
with double force per unit of current on the relay. This 
reasoning does not take into account the inductive retarda- 
tion (Chap. XXIII.) produced by artificially lengthening the 
line. Mr, Stearns, in all positions of the key, signals through 
a line of constant length and capacity. 



§ 18. Bells may be classed as a distinct kind of tele- 
graphic apparatus. .Besides the bells which have already 
been described, in which each signal sent causes the hammer 
to strike one blow, there are two kinds of electric bells : — 
I-'irst, those in which the hammer is driven by a weight and 
ciockfforkj theclockwoiV.iftm'ivtv^ 
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detent or trigger restrains it, but runs down, striking the 
bell, so long as tiie detent is held back by the annature of an 
electro- magnet actuated by the received current While the 
current is maintained, the weight runs down and the bell 
continues to ring. Secondly, those in which the hammer is 
attached to the armature of the electro-magnet, and is fur- 
nished with contact pieces (as in RuhmkofFs coil), such that 
when the armature is attracted to strike a blow, the contact 
is broken, and the current ceasing, the armature returns to 
its original place, makes contact again, and is again impelled 
to strike a blow. This action is repeated so long as a cur- 
rent is sent from the sending- station. The second form of 
bell, sometimes called a trembler, is the more convenient, and 
is used for household and hotel purposes. 

Electric bells may with especial propriety be introduced 
into hospitals, and may be employed even in private houses 
by invalids. The eftbrt required to ring the electric bell is 
that of making contact at one part of the circuit. This can 
be done fay the smallest pressure on the little button of a 
handle or little box, which can be held in the hand in bed, 
and attached by flexible wires to the wall. This arrange- 
ment allows the patient to assume any posture without 
losing command of the bell. Electric bells are also used 

► for railway signalling, and in all telegraph stations to call the 

■Attention of the clerks. 



CHAPTER XXIII. 

SPEED OF SIGNALLING. 



j I. Electeicitv cannot properly be said to have avelocity. 
s true that when a circuit is completed at any one point, 
[ctrical effects are not produced at other points of ihe 
miit until a sensible time has elapsed i so i.Ua.x.,fot\sis.'yisiCK., 
a signal is sent through the Atlantic c!Oo\c,\l i.wa» ■»** 
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produce any effect in Newfoundland simultaneously with the 
depression of the key in Ireland. The distance divided bj 
(he time occupied in the transmission of the signal may be 
called the velocity with which that particular signal was 
transmitted ; it might even be termed the velocity wiili 
which a certain quantity of electricity traversed the cable, , 
but it is not the velocity proper to or peculiar to eleccidty, I 
for under different circumstances the same quantity ofeltt 
tricity may be made to traverse the same distance with | 
almost infinitely different velocities. 

For about two-tenths of a second after contact is made in 
England, no effect can be detected in Newfoundland even 
bythemostdelicate instrument : after -4" the received cuirent 
is about 7 per cent, of the maximuon permanent cunent 
which will ultimately flow equally through all parts of ihe 
circuit The current will gradually increase until, i" after 
the first contact was made, the current will have reached 
about half its final strength, and after about 3" it will 
have attained nearly its maximum strength ; during tiiC 
whole time the maximum current is flowing into the cable at 
the sending end. The velocity with which the current 
travels even in this one case has therefore no definite mean- 
ing ; the current does not arrive all at once like a bullet, but 
grows gradually from a minimum to a maximum. The 
time required for any given similar electrical operation on 
various lines is directly proportional to the capacity of the 
unit of length of the conductor, to the resistance per unit 
of length, and to the square of the length intervening between 
the sending and receiving station. Fig. 161 shows the curve 
representing the law of increase of the received currents, 
which is the same on all lines. The vertical ordinates paTallel 
to O Y represent strengths of current, the maximum or per- 
manent current flowing through the circuit after equilibrium 
has been reached being called 100. 

The horizontal ordinates parallel to o x represent intervals 
of time, measured from ftve Ume o.^ •«\\tfii cot^a^.-L -^rai ^ a^ 
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Wade, and expf essed in terms of an arbitrary unit, a, different 
for different circuiis. but constant for any one circuit For a 
uniform line of the length /, the resistance per unit of length 




R and the capacity per unit of length s, the value of n is ^ 
given in seconds by the expression 

° = V«"'°^' '•°^* = ■°''332 s R /' .= 

In this expression absolute measure (gTBmrae mfetre second) 
Is used. When s, is measured in microfarads per knot, Rj i 
ohms per knot, and /, in knots, the above expression become! 

a = -02332 Si R, /,' -^ IO« . . . . 2°. 

For the French Atlantic Cable we have s, = 
= 2'93 and /, = 2584; and hence for a the value -ic 



second. 
Inti 



ms of a the arrival curves for the received current of 
are identical, and the same curve shows the law 



according to which the current at the receiving end die^ 
away when at the sending end the line has been put 1 
earth. A succession of contacts with a battery and with 
earth at the sending end prolonged eatU foi V 
to about 2j a would produce the senes Q^ (iia.ti%(ft^i 
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received current shown in Fig. 162, each curve being acom- 
plete arrival curve. 




The annexed tible shows ihe value of the vertical ordi- 
natcs corresponriiiig to successive multiples of o, Ihe maximum 
current being too. 
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Wlien the line is put to earth at the sending end before- 
tlie maximum current is reached, the falUng curve is super- 
imposed on the ascending one, and a derived curve is pro- 
duced as shown in Fig. 162 a, which gives the effect of mak- 
ing contact for 5 a and then putting the line to earth. At 
the time 6 a from the beginning of the operations the 
strength of current will be 50-55770 - -01639=50-54131; 
and at the end of 7 a it will be 6o'4ii64 — 2'46qSi ^ 
57'95o83 ; and in this manner the whole of the derived curve 
can be traced. If now the line be put in contact with the 
battery again at the end of 7 q, the third curve can be 
derived by again superimposing the original curve on the 
first derived curve ; so that at the end of 8 a the strength 
would be 68'42832 — 11-98582 + -01639420; and in this 
manner the effect of any number of operations can be com- 
puted. 

§ 2. It follows from the above, that the result of a series 
of short equal contacts alternately with earth and abatteryat 
the sending end wiU produce a small series of rises and falls 
in the strength of the current, which grow smaller and 
smaller as the length of the contacts diminishes : the mean 
stiengtli of the current will be half tlie permanent maximum 
produced by a permanent current ; and when the alternate 
contacts are made short compared with a, no sensible 
variation can be detected in the current which flows from the 
cable at the receiving end. As the contacts are lengthened, 
the amplitude of variation increases. The following table 
gives some amplitudes due to a succession of simple dots or 
equal contacts with the earth and with a battery. 

LcnElh of pair of contaclll . . .^ , , ,^ . .^ ■ ^.^ , .^ r 

cyiat' in pcneluagcs I J'Sg lU 4-5' fi'Si to' Ji4-a5 IS^ . , ^ , |.,. 

The theory of the speed of signalling was first given by 
Sir William Thomson, read before the R. S. May 24, 1855, 
publlsbedin the Proceedings, and reprinted vcv fe^'^\Sv.'^'i-t., 
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Taking /2=3ni&tres and rf=o'004 mhre, we liave j = o'oOj, 
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§ 3. Signals sent through land-lines last so long relativelj 
to the exceedingly short value of a for such lines, that in all 
ordinary cases the current rises almost to its maximum, and 
falls to zero at each dot. The capacity in electrostatic 
measure of wire of diameter d suspended at a height h above 
a flat plane, and remote from all other conductors, is 

drf=< 

or in absolute electro-magnetic ,..v,llou.:_ o — ^ 

(28"8 X I(r) 

or about "013 microfarad per statute mile. There is et- 
perimental reason to believe that the actual capacity is 
about double this amount, or even a little more, owing to the 
induction between the wire and the posts and insulating 
supports. Even taking s as ■03 microfarad, and the resist- 
ance of a mile of '004 mm. wire as 15 ohms, we have for 
a line 350 miles long 

a = -00126 second. 

This value is so small that even with ao a for each con- 
tact and 40 « for each dot, the dot would only occupy 
■05", or 20 dots could be made in a second ; and for every 
dot the current would rise almost to its maximum and fall 
almost to its minimum, Tlie above speed would give about 
80 words per minute as a speed at which the effect of what , 
is called retardation would be insensible in diminishing the I 
rise and fall of the received current. 

Instruments intended for use upon land-lines are therefore 1 
invariably constructed on the hypothesis that the received , 
current will at each signal rise and fall through a consider- | 
able percentage of its maximum strength. The spring I 
attached to the armature of the electro -magnet is adjusted | 
so that at some one s«cti£i.\\ qI \e.in-w*:A 
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will rise, and at another strength differiiig little 
from the former it will fall : in order to work such an 
instrument safely, the received current must rise much above 
the first and fall far below the second strength, and this is 
the case even when 100 words per minute are sent by- 
Professor Wheatstone's automatic sender from London to 
Edinburgh. 

§ 4. On submarine lines any such condition as a great 
and regular rise and fall in the received current hiruts 
tlie speed of transmission very seriously ; 40 a for the 
French Atlantic cable corresponds to nearly 8 seconds, 
and two minutes would be required for the transmission 
of each word, if this interval of time were required for each 
dot J whereas from 15 to 17 words have actually been sent 
through this cable in a minute. The duration of a dot at the 
speed of 15 words per minute must liave been about 'z; 
second, or about vi& a. Many of the dots can have pro- 
duced no more variation in the received current than U 
equivalent to mVnth of the permanent current ; the theory of 
superimposed signals shows us that the exact etfect of any one 
positive or negative dot depends on the 20 or 30 preceding 
signals, so tliat even very regular sending produces irregular 
results at the receiving end. Signals such as these cannot 
be received by any arrangement of armatures or other 
apparatus which moves at a fixed strength of current, but re- 
quire some arrangement which shall be capable of following 
and indicating or recording every change in strength of 
the received current. Sir William Thomson, by his inven- 
tion of the mirror galvanometer so constructed tiiat it 
could fulfil this condition, rendered submarine telegraphy 
commercially practicable. The spot of light wanders over 
the scale, following every change of current, and the clerks by 
degrees acquire sufficient skill to interpret the seemingly 
irregular motions. One dot will cause the light almost to 
cross the scale, the second moves it a little farther, the third 
or fourth hardly cause a perceptible motion, biiV \.W AsA 
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Uy experience knows that the four very different effects each 
indicate a simple dot, each sent by the clerk at the other end 
m a. precisely similar 11 

5 6. SirWiUiamThomson's syphon recorder actually draws 
on paper the curves which we have learnt to construct theo- 
retically. Ink is spurted from a fine glass tube on to paper 




drawn past it with a, uniform motion : the glass point 
tube moves to tlie right or left through distances proportional 
at each instant to the strength of the cunent, and thus the 
signals are drawn on the paper in the form of curves repre- 
senting the strength of the current at each instant of time. 
7'Ae glass tube n (Fig. iSi'lisYiVVsAbaKkwaidsand forwards 
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by being connected through the threads k h, and lever / with 1 
a very light movable coil b h, placed between the two poles 
of a very powerful electro-magnet, not shown. 

A soft iron fixed core a is placed in the centre of the J 
coil. The coil oscillates about a vertical axis, being directed 1 
by a bifilar arrangement//i. The received ciurent passes I 
through this coil from the terminals / /, : the vertical arms | 
of the coil are impelled across the magnetic field i 
direction or the other according to the sign and strength of 1 
the received current. The magnetic field in this arrange-! 
ment is very intense and very uniform, which gives great ' 
sensibility to the apparatus. The glass syphon n is strung 
on the wire //,, the shorter end dips in the ink-trough W(, and 
the longer end is opposite the paper o; the syphon c 
withdrawn from the ink by the slide p\ the springy keeps ' 
the threads k h taut ; the directing force of the bifilar ar- 
rangement is adjusted by varying tlie position of the bracket I 
r; the t^vo weights ta w, hang from the coil by the twal 
directing threads. 

If the coil is shunted so that there is a comparatively short 1 
circuit through which the current induced by its motion can 
flow, the electro-magnetic induction of the magnet on the 
coil tends to check rapid oscillations not due to the signals, , 




A certain portion of the received current is lost through the 
shunt, which is, however, rarely required, fa"c 'foe. ca.'^^csii ^ 
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the cables connected with the coil is such that a veij 
sensible induction takes place even without the shunt. 

The ink is electrified by an induction machine similar in 
principle to that described in Chapter XIX. § i, and is 
thus made to tiy to the oppositely electrified strip of paper 
in a succession of fiue drops. 

5 fl. If it were necessary to allow the recording point to 
travel over the whole possible range of the received cunent, 
it is clear that practically dots of only Tiftnr ^^ ^^ '^* 
mum strength would correspond to j^jVu of the breadth of 
the paper, and could not be made legible with any practir 
cable breadth of paper. They are legible on. the mirror 
galvanometer because the light can range over a length of 
some feet, but \ inch is a broad paper strip for any le- 
cording instrument- Mr. Varley's mode of signalling by 
condensers supplies the means of keeping the Sight of the 
mirror galvanometer always at one part of the scale, and the 
glass tube end of the recorder within a very narrow strip of 
paper. 

The line 1., Fig. 164, is attached to the insulated armatures 



N and n of two large condensers ; the second armature M at 
the sending end is connected to a key k, by which it can at 1 
will be connected with the battery c z or with earth ; the I 
armature m is permanently connected through the receiving [ 
instrument R with earth. 1 

When by the key k, m is connected with the positive pole, | 
N is rendered negative by induction; a current ilows from 
Hto n\ n becomes posvUve a,T\4 m tvc^^twt \,-j y 
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and to charge ni negatively, a short current flows from 
E through R, making the desired signal in one direction 
the current sent through r begins suddenly, is very small, 
and would gradually die out, even if m were not put to 
earth: tlie fell in the current is, however, accelerated by 
raising the key and putting m to earth. A negative signal 
is given by connecting m with the zinc instead of the 
copper pole of the battery. 

With this arrangement no electricity flows into 
ihe cable but by induction: the charge in the cable is re-^ 
arranged at each signaL The current received through the' 
instrument r never increases beyond that due to the firsl' 
signaL 

Fig. 165 shows the alphabet, and Fig. 166 shows 
message sent with condensers and received by the recorder; 
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Jlr. Varle/s system has the additional advantage that no I 

' lanent earth currents can flow through the line, for the I 
s not connected anywhere with earth. A sudden change I 
of potential in the earth at either end will induce a current^ I 
but sudden changes are much rarer than slow changes, and I 
die latter, however great, are quite cut off by the condensers. I 

§ 7. The time of every electrical operation is proportional 1 
lo a, or to s R /* ; and consequently, whatever instrument is I 
employed to record or receive the messages, the speed ofB 
working must with that instrument be inversely proportional f 
to s R /", and with any cables of uniform construction 
speed must be inversely proportional to the square of the 1 
length. 

The speed ivill, however, differ enormoiislv, actwiwit Va 
tjje nature of the electrical operation ie(\ui.ifcd to wts^^aa^ 
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tlie instrument. Thus the Morse instrument probably require- 
that the dots should occupy a time of from 15 to zoo, and 
therefore about 14 times slower than the mirror galvanomett 
which will show dots of i or 1*3 o. The speed of tl 
sypfion recorder is nearly equal to that of the mirror. 

The speed depends on the weight per knot vi of the copp 
and on the weight per knot w of the gutta percha employf 
and may be calculated from the following formula, 
is the length of the cable in knots. 

Speed by mirror in words per minute — 
_p. - -^ '"g (7°'4 w + 48° w) - log 64 

If Mr, Willoughby Smith's material is used instead of guC:*^ 
percha, the multiplier -2.75 may be used instead of 0-1325 .' 
and for Hooper's material, if the specific grarity is such tha' 

-a^ — d'^ 
Its weight per knot is ~~T~r- lbs., and its specific induc- 
tive capacity 3'3, the above formula becomes 

log (70-4 w + 400 w) - log 64 w 
■295 w — EF— X 10" 

The speeds given correspond to 13 words per minntt 
through the French Atlantic Cable. As many as 17 h.^ve 
occasionally been sent For Morse instruments the above 
speeds must be divided by 14. 

It will be observed that when a constant ratio is 
tained between tlie weights per knot of dielectric 
ductor, the speeds of working are directly proportional tt> 
the quantities of luaterial used. 



CHAPTER XXrV. 

TELEGRAPHIC LINES. 

5 1. A TELEGRAPHIC line is an insulated wire reaching S 
station to station. On land an iron wire is generally n 
-■nported on stonewaic, ^otcAam, ^3sa,QXTicKiws.^nsaifc- 
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lors carried by wooden or iron posts. Somedmes undergrouiM 
wires are used, and these are generally made of copper insa- 
late-d wiih guna percha or india rubber, and protected by 
f^Pe, leaden or iron tubes, wooden troughs filled with 
biturnen. or an iron wire serving. Submarine lines iavaria- 
^^y have a copper conductor insulated with gutta percha or 
soine preparation of tndia rubber, foiming what is called a 
*^re. This core is sen-ed with hemp or jute, and covered 
lielically with iron or steel wires, which are fimher covered 
*ri many cases with hemp and tar, or a bituminous compound, 
^t is desirable that the conductor ofa telegraphic line should 
nave a small resistance, and that it should be well insulated. 
The smaller the resistance of the !ine, the smaller the 
battery required to work it, and with a given insulation the 
smaller the leakage. On submarine lines the speed attain- 
able is increased by diminishing the resistance of the con- 
ductor. Bad insulation or great leakage involves the use of 
large batteries, frequent adjustment of the receiving instru- 
ments to suit variations in the received currents, resulting 
from variadon in the resistance ; bad insulation also involves 
greatly increased difficulty in ascertaining by electrical tests 
the posirion of any injury occurring to the line. The follow- 
ing paragraphs relate chiefly to the modes practically adopted 
for securing moderate resistance and high insulation : 

§ 2. The iron wire used in land lines is in this country 
generally No. 8, B.W.G. ^ inch diameter. 

The following table (p. 340) gives some of the other sizes 
adopted. The weights per statute mile are taken from 
Mr. Clark's tables. There are considerable differences in 
the weights given by different authors, and I am not aware 
that any one set of tables are authoritative. 

Mr. CuUey gives No. 8 wire as 0-17 inches diameter j its 
resistance rj's ohms, and that of No. 4 as 7'8 ohms. There 
is great difference in different specimens. The strength of 
good iron wire varies from 20 tons per square inch for large 
gauges such as No. i to 40 tons per sc\>iMe \Tiiiv fo\ ^i^. % 
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i and aniailer sizes. Mr. Culley gives 1,300 lbs. for No. S, and 
this corresponds fay the above table to 367 tons per square 
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inch. The iron wire should be galvanized, and should be 
capable of being bent round itself and unbent without 
injury. It should also stand bending four times, first one way 
and then the other, to a right angle, being lield in a vice. 
The wire is stretched 2 per cent, cold before being used. 
This process is called killing, and not only detects weak 
places, but makes the wire less springy and more manageable. 
It should be painted or varnished in smoky places. 

From 25 to 20 poies per mile may be used on straight 
lines, but 16 poles per mile are sometiaies used if no more 
than four wires are required. On sharp curves as many as 40 
poles per mile may be required. The fewer the poles the better 
the insulation. For 10 wires or less the diameter of wooden 
poles may be 5 inches at the top ; for a larger number of 
wires 6 inches. Creosoted larch is the best material ; and 
the batts should be charred and baked to prevent decay, 
and tarred if well-seasoned. The pole above ground should 
ointed. 
e distance between the wires should not be less thao 
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12 inches venically, and i6 inches homomaliy, with j 
jioles per mile. 

^ 3. No line can be perfectly insulated. On land lines 
no leakage occurs from the n-ire to the air, but at every pole 
there must w-ith the best construction be some leakage, 
or, in other words, at everj- pole there is a connection with 
the earth. The resistance of this connection is very great 
when the ivire is well insulated, and small when there is 
bad insulation. 

The wire is always separated from the wooden pole by an 
imulator, and the insulation of the wire depends on the de- 
sign, material, and condition of these insulators. Glass of 
certain kinds offere the greatest resistance to conduction 
through its substance of any known material, but it does not 
answer well for telegraphic insulation, because surface con- 
duction plays by far the greatest part in the leakage from a 
line, and glass is highly hygroscopic, i.e. it will be found 
covered with a moist film in most states of the weather. 
Ebonite {hard vulcanized india-rubber) has a high insulation 
resistance and does not readily become damp, but rain wets 
it easily, and therefore when employed for insulators it is 
generally covered with a cap of some other material : it soon 
becomes dirty and spongy on the surface. 

Porcelain of certain qualities insulates well ; it is not 
nearly so hygroscopic as glass, and rain runs readily from its 
highly glazed surface. The glaze insulates still better than 
the substance of the porcelain, but in some specimens is 
liable to crack with old age, when its value is lost 

Brown stoneware is an excellent and cheap material for 
insulators ; its glaze does not crack, but its substance has not 
so great a specific resistance as highly vitrified porcelain, 
The point of chief importance in all insulators being the 
condition of the surface, porcelain and stoneware are the 
b iavourite materials ; they keep clean, do not change with 

e if well selected, and do not harbour insects. 

The form most used approaches d\a.l of a beU, q^ aC 
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several bells one inside another. In Fig. 167 No. 1 
Latimer Clark's double-bell insulator ; No. a Varley's 
lalor, made in two pieces ; No. 3 the Fiench cup insu! 
a very rudimentary design ; and No. 4 Siemens' insulator, p 
tected and supported by a " ~ 



I 




The objects aimed at in each design are tbe following :— 

1. To make any conducting film which may be deposited 

on the surface of the insulator between the wire and the 

pole as long as possible, because, o\,^«t xiiti^^ bein^ eq,ual, 
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I resistance increases directly as its length. This object" 
ained by the series of bells, for the electricity has to 
A down outside and up inside each, in succession, before 
ing from the wire to the pole. 

. To make the cross section of the conducting film as 
all as possible. With this object the insulator is kept as 
1 diameter as is consistent with other conditions of 
Ecllence. 

■The thickoess of the deposited conducting film depends 
i external conditions, but the larger the diameter of our 
Ills the larger will be the cross section of the film, i.e. the 
g of moisture which we should find outside and inside 
h ring of insulating material if it were sawn across hori- 
Jptally. 

§3. To expose one portion of the insulator to the rain, 
^t it may be cleansed by rain from dust, salt, smcJi^ 
JSders' webs, &:c. 

■ 4. To protect another portion of the insulator from rain, 
|a.t when the outside is wet the inside may still insula! 
lese two conditions are fulfilled by the forms i 
■5, To prevent the failure of part of the insulator Irom 
^troying the insulation. With this object some good 
(alators are made in three parts, as shown in Fig. 2 — two 
dnct cups and a vulcanite covering to the iron supporting 
pin. 

6. To prevent insects from settling in recesses. This 
object is difficult of attainment, and limits the depths of 
the recesses under the bells. J 

7. To provide strength and protection against maliciou^f 
injury. Thisleads to the adoption of metal capsas in Fig,4S 

§ 4. Besides leakage from the wires to the earth, wJreaM 
on poles are subject to the defect of more or lesin 
electrical connexion one with another, by the surface con^fl 
duction from one insulator to another. To prevent thia 
very serious inconvenience a wire from the earth is led i^B 
tJie jjole and across every portion oS il Xj'J 'N^\tV ^t^ox^oH 
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could be conducted from one insulator to the other, A 
short circuit or line of no sensible resistance is thus pro- 
vided, so that all leakage finds its way at once to the earth ; 
simple loss weakening the transmitted currents causes much 
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less inconvenience than cross connections by which the 
message on one wiie finds its way partly into its neighbour. 
The earth wire is carried above the pole and forms a 
hghtning conductor. 

J 6. The insulation resistance of a line is measured by 
Fig. 169. measuring the resistance experienced at 

the end a. when the end X is insulatedi 
Fig. r68. 

The resistance thus measured is not the 
sum of the several insulation resistances 
B E|, c Ej, D Ej, &a, but is the resistance 
due to the circuits a b e,, b c Ej, c d % 
&.'c. arranged in multiple arc as in Fig. 
169. We can calculate this total resist- 
ance if we know the resistance of each 
elementary part. First find the resistance between the points 
D and E due to a double arc ; next add this resistance to that 
between d and c ; next compound the resistance so found 
with that due to the arc c e ; this will give the resistance 
due to all the conductors between c and e ; add c s and 
proceed as before till the resistance due to all conductors 
between a and e is obtained. 

When the resistance m of each part of the line between 
two poles is constant, and the insulation resistance i st 
each pole is a\so constoit, ■«& ca.tv C3!vt\ia.\.t *ift difference 
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between the current 0„ sent into the line and that received 
at the further end Q, by the following formula. 

Let n be the number of poles, and let z = e""^ ' ' 



Mr. Varley considers no line well insulated for which thej 
fraction -:- is greater than B oinn . This fraction may also 1 

defined as the ratio of the resistance of the conductorpern; 
to the insulation resistance of each mile. Q, will be 46p 
cent, of Q„ in a line of 400 miles with the above value of -^m 

% 6. On submarine and underground circuitSj the ii 
tion depends wholly on the resistance to conduction a 
the sheath of the gutta percha or india rubber covering. 
Surface conduction can only occur at the two extremities of 
the line, and unless by gross neglect, or on very short lines, 
cannot be a sensible cause of leakage. 

Equation 1° is applicable to submarine lines, calling m the 
resistance of the conductor per mile, / the insulation resist- 
ance of each mile, and « the length of the line in miles. 

The conductor is invariably a copper strand, and the 
resistance can be calculated for pure copper from the Table, 
§ 14, Chap. XVI. In practice from five to eight per cent, extra 
resistance must be allowed for on account of impurities. 

The smallest conductor in practical use for sea lines 
weighs 73 lbs. per nautical mile of 2,029 yards ; the largest 
yet employed (French Atlantic) weighs 400 lbs. 

The lai^e cores require nearly an equal weight of gutta 
percha as a covering, and the lighter conductors require a 
still larger proportion of insulator; the 73 lbs. of copper 
is generally covered with 120 lbs. of guttapercha. Hooper's 
india rubber is sometimes used in smaWet Qjiaa!(\"C\e.'i ■fe.'ssi 
^^Cm percha. ^^^J 

Hk&c electrical tests applied to ascettam -Ctve Qp,'aS*l^^M 
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condition of the materials employed in the case of submarine 
cables are — the measurement of the resistance of the core ; 
the measurement of the resistance of the insulator to con- 
duction from the copper inside to water outside ; and ihe 
measurement of the capacity of the insulated conductor in 
microfarads. The methods of making these tests have been 
already described. 

The insulation resistance r of a length L of the insulating 
core measured in centimetres is given in terms of the resist- 
ance K, of one centimetre cube to conducrion between its 
opposed faces by the following formula : 



log t- 



-3665 R.lQ 



-j is the ratio of the external diameter of the insula- 

irtothat of the enclosed conductor. From this equation we 
lave the resistance r^ of one knot of insulating envelope : 



is what was called in Chap. XV. the specific resistance^ 
Qie material. 
The following table gives the value of Ej, and 1 
mportant cables at 24° C. after 1 minute's 
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Malla Alexandria (first) . 
Persian Gulf, mean . . . . 
Second Atlantic, mean . 
French Atlantic, mean . 
Hooper's Persian Gulf (India rubber), f 


'■1 


"S 
193 
349 
134 

8000 


4 x 10* 

10 X to* 

342 « Itf 

256 X Irf 

7572 X 10- 



The specific gravity of gutta percha is between 0-9693 
and 0-981. The weight ■Wjoi ^\\a.-^«Ona.^« Vrot in any 
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iVhere o and d are measured in thousandths of an inch. 
The specific gravity of Hooper's rubber is about 1-176, 
and the constant divisor for the weight of Hooper's materia! 
in the above formula is 400 instead of 480. The weight 
per knot w^ of a copper strand of 7 wires such as is used 
for submarine lines is in lbs. 



70-4 
^ 7. The capacity in electrostatic measurement 
length of wire for a submarine cable maybe calculated 
equation 6, Chap. V. The electromagnetic capacity s 
more commonly required, and we know (Chap. VIH. § 
that s = -J where » = z8-8 x 10*. Hence in absolute 
electromagnetic 
s = . 
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4-6052 X 28'8" X ro'» xlog j 3820 x io>Mog^ 
and calling s^ the capacity in microfarads, we have 



This value of s" is given in terras of L measured in centi- 
mfetres : practically it is convenient to measure the length in 
knots; and as one knot is equal to 185,526 centim&tres, 
(6087 feet), we have, calling l,, the length in knots, 

Cap. of cable = -ISl^SUL.'- ... 6° 

D 

log J 
Taking the value of k for gutta percha as 4'z (vide Chap. V. 
5 5), we find the capacity of the French Atlantic cable to be 
about 0-43 of a microfarad. This value agrees with the 
result of direct experiment by the ballistic method (vide \ 5, 
Chap. XVII.), 
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\ S. Fig. 1 70 shows a cross section and a projection of the 
component parts of the Anglo -American Atlantic calle 
drawn full size. In the centre is the copper strand of J 
wires : round this we have the gutta percha envelope coi-ered 
by a serving of jute, outside which there are ten wires of 




what is called homogeneous iron, each enveloped in fine 
strands of Manilla hemp. 

Fig. 171 shows the more common type of cable, in which 
ihe hemp-covered steel wires are replaced by iron wires,of 
_^ considerable siae. TVlcse^^C)U"«"\1es^^i^i'iTlas,'^'awtl^!l'Eis^. 
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171, are often covered with one or two outer servings of jifl 
and a compound of mineral pitch, silica, and tar, knon'a 4 
Clark's compound. 



CHAPTER XXV. 

FADLTS IN 1 



$ 1. An'y impediment to signalling due to the condition d 
the line is a fault Faults are of three kinds : — t, A defect" 
producing bad insulation. 2. A defect producing want 
of continuity in the line, or excessive resistance. 3. Contact 
between two neighbouring conductors used for separate 
messages. 

Defective insulation in land lines may be due to cracked, 
<lirty, or otherwise defective insulators, or to contact between 
the line and some conductor in connexion with the earth. 
In the first case the defect may be distributed over a great 
length of line. We can determine its importance by elec- 
trical measurements. In the second case the fault has a 
definite position, and we can determine its importance and 
its position by electrical tests. In submarine cables, defective 
insulation is always due to connexion between the sea and 
the internal conductor at one or more definite points. The 
second class of fault implies a rupture in the conducting 
wire of the line or in the connexions at the stations, or in the 
connexions with the earth at the stations. In many cases 
its position can be ascertained. Frequently the first and 
second faults co-exist : i.e. the line is broken and its end 
is in contact w-ith the earth. The third class of fault seldom 
arises except on land lines. When the connexion arises 
from the actual contact of one wire with another, its position 
is easily found. 

Tests for the position of faults can generally be made 
more accurately on submarine Vines ihiiv Cit\ \mA \tors.. 
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because the insulation of the undamaged portions of the 
line is generally better. The following descriptions refer 
especially to submarine faults, but the same principles are 
applicable to land lines. 

5 2. Let there be a fault in an otherwise well-insulated 
conductor, involving loss of insulation at one point, at the 
distance a b. Fig. 172, from station a. 

If the connexion at b with the earth has no sensible re- 
sistance, we have only to measure the resistance a b, and 
divide by the resistance of the line per mile, to obtain the 
distance a m in miles. This measurement may be made by 
the Wheatstone balance, connected as shown, a d and 
D F are tlie two arms of the balance, f e is the box of resist- 




ance coils. If A D is ^'jr of d f, and the plugs in the box ^ 
between f and e arranged so as to give 1,500 units when 
the galvanometer G remains undeflected on the completion 
of the circuit, then a be, has a resistance of -150 imits; 
and if the line has a resistance of 5 units per nule, B 
is 30 miles from a. It is always desirable to insulate the 
end of the line at c during this test. We can easily as- 
certain whether the resistance of b E| is sensible or not, by 
repeating the test from c. If by the second test we find H 
distance b c, which, added to a b, makes up the whole lei^ 
oi"liie line, b Ei can \ia\c wq xeisiYyia-wcsi. U, on the othet 



- : »r. XXV.] FatUu im Td^pr^Me Lima. 

iiaod, die SOU) of the neasoreinetits fioco c and &octt a givei 
a greater length than jl c, this cau only be dtw to the n 
ij;riif efthefatdt\ fat we bare not really measared the r 
sistauce of a Band bc, buof a b -r b e, aad bc + B S^..] 
If diea the sum of the two loeasweiDents exceeds the lesist--'^ 
aoce A c, the acess sill be eqiul to twice the rcsisonce of J 
the fault Let m bc the resistaiice meafurcd ai 
lesistance measuted at c, and l the tesistance of the orhcd 
line. 



Then . 



_ L + « - 



This method would be perfect if the resistance of the feulu 
were really constant while the resistances « and 
being measuted ; but feults usually \-ary very much, owin( 
to polarization ; and hence, except with great faults of small 
resistance, this method is defective. 

§ 3. A second method of detenutning the resistance a 
is given by the following test, on the assumption that th« 
resistance of the fault is constant : — Measure at A the resist*fl 
ance m of the line when c is insulated, and measure thcf 
resistance c when the end c is put to eartli. 
Then A b + / = m ; a b -t- - - ^ -- =^andAB + BC = V 

therefore a e = f — \/ (l — <) (m — c) . . • . 

This test is even less trustwonhy than the preceding one. I 
By taking a large number of values of tn n and e « 
different poles of the battery, and different strengtlis 
battery, and choosing the smallest values obtained as tliosel 
corresponding with one and the same minimum value of/ 
some approach to accuracy can be made. Great experience 
is required in testing to enable the observer to judge of llie 
nature of a fault. By noting the polarization obtained with 
positive and negative currents of different strengths lh« ■ 
character oi a fault can generally be ieXetwimt^i, asA ». J 
guess made at jts probable resistance. 
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§ 4 When there is a well- insulated relum wire from the 
distant station c back to a, the position of a leak can be 
determined with great accuracy by what are called loop tesifc 
The observer has then both ends of a complete metallic 
circuit before him, and the ratio between the two parts which 
intervene between the two ends and the fault can be deter- 
mined by several methods, all independent of the varying 
resistance of the fault, 

Mr. Varley uses a differential galvanometer to ascertain 
when an equal current runs into both ends of the metallic 
circuit and out at the fault. This will only be the case 
when the resistance between the galvanometer and the lauk 
is the' same by both roads. This condition is fulfilled b] 
adding a resistance r betiveen one coil of the galvj 




■ The resistance r required tafl 
iTO is obviously equal to tmcc 1 
between the distant station a 



and the defect ivi 
the galvanomete 
si stance of the 
fault: 

Perhaps a still better method is given by airangii 
Wheatstone balance as shown in Fig. 17J, where 
supposed to be at 0, forms part of the circuit connei 
pole c to the metallic conductor subdivided at 

The variation of the resistance of the fault di 
atfect the result : it will indeed cause a greater 
deflection in the galvanometer until the desired 
effected, but it wiU nol sXvct xVie tftXamt 
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several parls of the circuit required to reduce the deflec 
to zero. The test is made by adjusting the resistances i 
and B until no deflection is obtained ; then, calling C and S 
ihe resistances of the conductors separating m and n respec^ 

tively from the fault, we have — = -. Tlien the resistance 

B D 

ofc + D being called L, the above equation gives the value 



§ fi. The following is a plan for determining the positioi 
of a fault of high resistance in a submarine cable by a 
laneous test at each end. It takes into account the unS 
form leakage from each knot of the insulated cable, anj 
can be carried out with much greater synchronism thar 
possible for tlie plans described in §§ 2 and 3, above, 
connexions are shown in Fig. 174. g is a galvanometer! 




9, an electrometer it the ';'ime station , Sj an electri 
meter at the distant station, uhere the end of the sufc 
merged cable is insulated, the battery c Z has one 
connected with the gaUanometer g, and the other 
to earth , let k be the resistance of the unit length of th( 
conductor, and / the resistance of the unit length of insulate^ 
wire to conduction across the sheath ; then let / be the lengt 
of the cable. Let X be the distance of the fault from t' 
yalvanomcter station ; let p, be the potential at the disla 
station ; let v be the potential at the near station, and c t^ 
current ob^eired on the galvanometei. 
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\AXa s 



-Vt 



„ F = r + - c - Pi c** 
a 

„ D = Pi t-"* + - C - P 

a 

1 F 

Then \ = — log, - .... 3^ 

2 « D 

The measurements must be made in one consistent system 
of units. Absolute measurement in centimetres, grammes, 
and seconds may be used for the whole series. 

The test requires two instruments by which p and Pi can 
be measured in absolute measure. 

§ 6. A fault of insulation in a submarine cable is generally 
due to a hole in the dielectric. This hole is gradually en- 
larged by the action of the current, although the polarization 
at the fault often seems to seal it up for a time. Rapid 
reversals with 100 cells or more tend to break a fault down, 
i.e. to enlarge it, so that its resistance becomes insignifi- 
cant. A current flowing from the copper to the sea 
apparently seals up a fault better than the opposite current 
It causes the deposit of chloride of copper and oxygen, 
whereas the zinc current causes a deposit of salt and hydrogen. 
The bubbles of gas formed under great pressure in time 
burst the film of deposited salts, and the fault temporarily 
breaks down. When this occurs with the negative current, 
no further damage occurs in general than a slight enlarge- 
ment of the fault ; but by the positive current a slow but 
certain erosion of the copper is produced, which always ends 
in producing a complete and sudden loss of continuity in 
the conductor. No warning is given of the impending fatal 
injury ; for so long as the slenderest thread of copper remains 
no sensible diminution occurs in the resistance of the line. 
Signallers prefer to kee^ a cable positive to the sea, because 
\\\Qy get better s\^wa\s, \!c\^ c>3:rt^w\.^ ^^^€\N^^\i^\!c^'^<^ttQu^er, 
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=iEid ]ess liable to the derangements produced by the sudden 
variations of a fault. The practice is, however, reprehensible. 
A. faulty cable should always be kept negative relatively to 
'he sea. It is possible to send very good signals through a 
•^ble or line in which there is a fault of such magnitude 
that its resistance is far less than that of the conductor 
between the stations. Nothing is absolutely fatal to com- 
■nunication except a want of continuity in the conductor. 

Sometimes the fault is made by the presence of some 
fo»-eign body in the insulator. When metal, such as a piece 
°f" troken wire, is driven through the dielectric connecting 
the conducting wire with the sea, or with the metal sheathing, 
^ fault of no sensible resistance is produced, and this class 
'^f fault is easily recognised by the absence of polariza- 
tion. 

5 7. A fault of the second class, i.e. involving want of 
Continuity, may be combined with one of the first class ; 
thus the cable or land-line may not only be broken, but may 
be in more or less perfect connexion with the earth at the 
fracture. In this case sinnultaneous tests at both ends are 
impracticable. We can only measure the resistance of each 
unbroken portion of the cable, and guess from the polariza- 
tion what is likely to be the fracrion of the whole resistance 
observed due to the fault. We can in any such case safely fix 
"imaximum distance beyond which the fault cannot lie. With 
e minimum of polarization the bare copper end of a cable 
Sually has a resistance equal to several miles of the con- 
Bocting wire. 

I A fault of the second class not unfrequently occurs with 
rfect insulation. The conductor is broken, but insulated 
\ the fracture. In a submarine cable the distance of the 
lulated fracture can then be measured very exactly by 
^asuring the capacity of the cable between the fracture and 
e shore. The capacity per mile being known, this test 
Bves the distance with great exactitude. On a land line the 



^ 
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insulation is seldom good enough to allow this test to be 
rigorously applied. 

§ 8. The position of a fault of the third kmd— contact 
between neighbouring conductors — can easily be fixed if the 
contact is local, and of small resistance. We need only 
measure the resistance of the loop formed by the contact, 
and half this is evidently the resistance corresponding to 
the distance of the fault. When the contact is imperfect, its 
position can be very accurately determined by the aid of a 
third wire, if this be well insulated : to do this, treat one of 
the two wires in contact as an earth, leaving it uninsulated: 
and by the loop test described § 4 above, fix the position of 
the point of contact on the other wire, this contact being 
now in effect an ordinary fault of the first class. 

The position of the contact can also be ascertained with- 
out a third wire, by a Wheatstone's balance test. To do 
this, the connections are arranged as follows. Fig. 124: fj 
and ^iu are resistance coils, r^ and r^y are the two sub- 
divisions of one of the two faulty line wires, subdivided at e 
by the contact ; the point b^ is the further end of the line, 
and is put to earth ; the branch r is made up of the galvano- 
meter, and of the earth at B, ; the wire joining the battery 
with E is the second line wire in contact with the first at E ; 
the further end of the second line is insulated. 

Then, calling x and y the two subdivisions of the first line 
wire, we have x = rji, y = r^^ and rj : rjn = ^ : y, whence, 
knowing r^ and r-^^iy x and y can be found. 



1 
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CHAPTKR XXVI. 



^ 1. Electricity has been applied in so many ways to the 
useful arts that a large separate treatise might be written on 
these applications. In tiiis book a few only of these appli- 
cations can be mentioned, and these must be very cursorily 
described, under the heads of Electro- Metallurgy, Electric j 
Light, Medical Applications, the Firing of Mines, Clocks, i 
governors and chronoscopes. 

E L E CTRO-METALLU RGY . 

• § 2. In metallurgy electricity finds a threefold applid 

. To electro-plating, such as gilding or silverinjH 
beets. 2. To the reprodiLclion by metallic casts i 
jgects of any form. 3. To the reduction of metal 
their ores. \Vhen our object is to coat a 
I thin metallic film of some other metal, we immerse 
i object to be coated in a solution of some salt of the 
fetal to be deposited. We pass a current from the bath 
» the object, so as to decompose the salt and deposit the 
' metallic positive ion on the object, which is a negative elec- 
trode. By the choice of a proper salt, a proper strength of 
solution, and a proper strength of current, the filmcan bemade 
adhesive. When copper objects are to be gilt, they are 
treated as follows :^They are first heated, to dispel any fatly 
matter from their surface ; they are next plunged whije 
still hot in very dilute nitric acid, which removes any coating 
of oxide or suboxide of copper; they are then rubbed with 
a hard bmsh, washed in distilled water, and dried in gently 
heated sawdust They are still further cleaned by being 
rapidly immersed in ordinary nitric acid, and next in a 
mixture of Rime acid, bay salt, and soo^. TV^a ti^-^e.'iVf.'&sas. 
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prepared, so as to have a uniformly clean metallic surfece, 
are immersed in a bath containing a solution of some salt 
of gold. 

The objects are attached to the zinc pole of a battery 
consisting of three or four elements, the other pole of which 
is connected with an electrode of gold also plunged in the 
bath. The passage of the current decomposes the salt, 
deposits gold on the object, and causes the dissolution of 
an equal quantity of gold from the gold electrode. The 
time required for the operation depends on the thickness of 
coating required. One grain of gold and 10 grains of 
cyanide of potassium in every 200 grains of water form 
a suitable bath. Silver, bronze, brass, German silver, and 
some other metals can be du*ectly gilt in this manner j but 
in order to gild iron, steel, zinc, tin, or lead, it is found 
necessary to electroplate them first with copper. The bath 
from which copper is deposited is a saturated solution of 
sulphate of copper. The positive electrode must then be 
a copper plate. A bath for the deposition of silver 
consists of two grains of cyanide of silver and two parts of 
cyanide of potassium in every two hundred grains of water; 
the positive electrode must be a silver plate. 

§ 3. The reproduction of objects in metal by electricity is 
effected by a thick deposit of the metal in a mould, the sur- 
face of which has been so treated as to be a good conductor. 
The deposit is obtained from a bath by the passage of a 
current, precisely as the deposit required for electro-plating 
is produced. 

The mould, if made of metal, should be slightly coated with 
some fatty substance. A brush rapidly passed through a smoky 
flame, and then used as it were to dirty the mould, is said 
to be sufficient to prevent adhesion. Ganot mentions Street's 
fusible alloy, consisting of 5 parts of lead, 8 of bismuth, and 
3 of tin, as suitable for moulds of metallic objects. Stearine 
is used to prepare moulds of plaster objects ; these are 
first immersed m tcv^Vx.^^ ^v^^xvcv^ ^\A ^^i^^^i:^^ ojilcklY ; 
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some of the stearine is absorbed by the pores of the plaster j 
the surface is next coated with graphite or with black lead I 
rubbed on with a brush. The stearine mould can then I 
be taken. The interior surface of the mould is covered'J 
with graphite to make it conduct. 

Gutta percha moulds may be prepared by pressing gutta J 
percha heated in warm water agamst the surface of the objet 
to be copied, which should previously be covered witl]l 
graphite to prevent adhesion. The mould must also beg 
coated with graphite to make it conduct. Any of these mouldy 
used as a negative electrode in a bath of sulphai 
copper, will become filled with a copper deposit, which i 
produces the original object. This process is of great use tl 
printers. Copper plates are beautifully reproduced by iis 

5 4. The reduction of ores has never been carried out c 
any large scale, but several of the rarer metals have onlyfl 
become known to us by the decomposition of their saltyfl 
under the action of the electric current. Davy obtained J 
potassium for the first time by decomposing a slightiyj 
moistened fragment of hydrate of potash by a current frotnj 
20O or 250 cells. Sodium can be obtained in a similar way j^ 
but other methods arc now known, which are commercially^ 
preferable. 

Barium, calcium, magnesium, aluminium, &c., can be ob^ 
tained by electrolytic methods. 

The ores of silver, lead, and copper have been treated \sfm 
electric processes, many details of which will be found ii 
' Tiaite' d'Electricite' et de Magn^tisme,' by Messrs. Becquerel J 
vol. ii 



ELECTRIC LIGHT. 



5 5. When the points of two pencils of charcoal or graphite, 
attached by thick wires to the two poles of a galvanic battery 
ofibrfrorfi/fyGmvp's elements, are v^Site6fe\tL'a\amtK&.''-i!i 



I 
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contact and then withdrawn, so as to remain about of* 
eighth of an inch distant, a current will flow round the circu 
crossing the arc from pencil to pencil, and at this spcz:^^' 
emitting a most brilliant light. 

The name voltaic arc is often used to designate that pof 
■tion of a continuous current where there is a gaseous 
ductor. The voltaic arc is in most cases luminous. Iti: 
cnloar depends on the gas traversed, and its intensity i= 
closely connected with the density of the gas. With rare ; 
fied gases, as in the Geissler tubes described above, a cohlct*^ 
paratively feeble glow is obtained j in air, the intensity 0^ 
the electric light may be as great as \ that of sun-light* 
according to experiments of Fizeau and Foucault. Th» -«^ 
air is much heated at the point of passage, and its resist:* 
ance thereby reduced ; if the current be momentarily inters 
rupted, the e. m. f. of the battery will be unable to re ^ 
'establish the voltaic arc, unless the points are again« 
brought very close or into contact, to be withdrawn a= - 
before when the current has been established ; the reasac* 
being that the e. m. f. which is sufficient to send ih^ 
current across hot air is insufficient when this air \^- 
cooled. The carbon of the pencils is consumed in th^ 
production of the light. The positive electrode is mucl" 
more rapidly consumed than the negative electrode, an(^ 
becomes hollow at the point. In order to render the light 
available for practical use, the graphite pencils must be helS 
lamp, so constructed that the opening between the 
points remains sensibly in one place. In these lamps there 
must therefore be a feed supplying the pencils in the ratio 
in which they are found to be consumed. The lamp must 
also be furnislied with some contrivance by which, if the 
voltaic arc is extinguished from any cause, the graphite 
points will instantly fall together, re-establish the arc, and 
again separate to the normal distance for the greatest inten- 
Bity of light. Lamps fulfilling these conditions more or less 
perfectly by means ot eVeaT0-w.a.%"nO.\t %eMm^ have been 
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invented by Mr. F. H. Holmes, M. Serrin, M. Dubosc, 
and others. 

Mr. Holmes's lamp has been used for lighthouse illumi- 
nation with success. 

An electromotive force of about eighty volts is apparently 
the least with which a good electric light can be produced, 
anfi the resistance of the circuit (exclusive of the voltaic 
arc) must not much exceed 12 or 15 ohms. Sir William 
Thomson has produced a good light with eighty Daniell's 
ceils of the construction and dimensions described § iz, 
Chap. XV, These cells remained in good condition for 
several months, so that the light could be obtained at any 
moment by merely closing a circuit Grove's cells wll 
only act well for a few hours after being filled, and give out 

Mr. Waring produces an intense electric light by the in- 
candescence of mercury vapour. The current is passed 
along a thin stream of mercury, which it volatilizes. The 
mercury is hermetically enclosed. This light has a 
greenish tinge. A rapid succession of sparks from a 
Ruhmkoff coil will also produce a somewhat feeble hght. 

The electric light may be made use of in photography, 
and the examination of its spectrum presents many points 
of great interest to the physicist. 

FIRING OF MINES. 

5 6. This is effected by passing a current through a 
semi-insulating substance, which becomes red hot, and fire 
a detonating mixture or girapowder. A fuse is prepared U 
which two insulated wires are led. The ends of thesd 
ivires are imbedded in a thin solid gutta percha rod ; thejfl 
do not join, but end in a litde layer of the priming ( 
position, «'hich is an intimate mixture of subsiilphide t 
copper, subphosphide of copper, and chlorate of potassium. ' 
The whole is surrounded by gunpoivder. A feeble current 
will not heat the priming coraposiuow Vci tei\v*s&i'^'*R. ^ 
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powerful current, even if short, will develop enough heat by 
its passage to ignite the powder. The ciurent is generally 
produced by the discharge of a condenser, and this con- 
denser is often charged by a frictional electric machine. A 
vulcanite plate machine as designed by Ebner is much used 
with a condenser consisting of a sheet of india rubber with 
tinfoil armatures rolled up so as to form a cylinder. A 
magneto-electric current or a battery current may be used. 
^Vhen the mine or torpedo is to be fired by the discharge of 
a condenser, a fine wire is better than a thick one, in order 
that the capacity of the conductor may be small : with the 
same object the thickness of the dielectric should be con- 
siderable, and the very best insulation is necessary. 

The detonating mixture may also be fired by heating 
to redness a fine platinum wire stretched between the two 
ends of the copper wires : the platinum wire should be coated 
with fulminate of mercury. A voltaic battery is required with 
this arrangement, which has the double advantage that the 
condition of the conductors can from time to time be tested 
by feeble currents which will not explode the charge, and 
that it allows several insulated conductors to be laid in one 
cable, which plan cannot be followed when the mine is 
fired by the discharge from a condenser, owing to the power- 
ful current then induced in the neighbouring wires, which 
would fire all the mines whenever a current was passed along 
a single wire. The platinum fuse can be fired when the 
insulation of the conductors is very defective. 

MEDICAL APPLICATIONS. 

§ 7. Electricity in its passage through the body may produce 
very marked physiological effects. The simple passage of a 
current firom one hundred cells produces a somewhat dis- 
agreeable disturbanceor tingling at the pointwhere it entersor 
leaves the body. This feeling is considerably more intense at 
the moment when the current begins and ceases than at any 
other time. Wheiv a po\^exW^ oaxi^xvx. q?1 n^\>^ '^'^s^^^sax'jyjiQti 
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It through the Ijody, as from a Leydenjar of moderate 

e charged to the potential of several hundred volts, the 

turbance is felt throughout the franie, and is well known 

a electric shock. The disturbance produced may be so 

s to produce illness or death, and many persons who 

e killed by lightning are killed by the simple shock re- 

ig from the sudden discharge of electricity from their 

s, which had been inductively eiectrified from the 

Is ; the lightning passing from cloud to cloud discharges 

ese, and the escape of the electricity from the body pre- 

y charged produces the shock. The rapid succession 

a produced by rotating magneto-electric arrange- 

Hits produce a singular numbness if passed through the 

so that a man holding two electrodes from which these 

rapidly alternating currents flow cannot let them fall, 

% holds them convulsively. The very first discovery of the 

"c current by Galvani was due to the contractioD of a 

RGcle of a frog under the influence of the current. From 

mnot be doubted that electricity may be 

e agent ; the medical man may find in it a 

Sans of producing important modifications in the condi- 

1 of the body ; but the author is unable to speak with 

y confidence of the applications as yet made of this agent. 

^idly alternating magneto currents are the most popular, 

heis not aware that thoroughly scientificexperiiueats have 

n made on the effects produced, or on the real magnitude 

lie currents employed. Valuable results may have been 

3 may be attained, but it is for medical men to decide 

¥ far these have or have not been the results of some 

y accident. The application of electricity, unhappily, 

1 easily be made the subject of quackery without de- 

ition. 

iThe actual cautery can be applied by platinum wire 

rrent in parts of the body which— 



I these facts it 
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CLOCKS, GOVERNORS AND CHRONOSCOFES. 

5 8, Tliereare many otheruseful applications of electriciiy. 
Mr. Alexander Bain drives clocks by a smaU current atling 
on a propelraent, the speed of which is regulated by a 
pendulum. The propelment acts like the propelraent of Ae 
dial telegraph instruments. The same inventor followed 
by others controls distant clocks from one standard clod 1 
by electro-magnets set in action by currents. The penilu- | 
lum of the distant clock oscillates freely if keeping perfect 
lime, but is slightly retarded or accelerated by an eleciro- 
magnet if before or behind time. Time gims or other time 
signals are also given from observatories by the aid of 
electric currents. 

Electricity is made use of in one form of governor to 
regulate the speed of machinery. When the speed is ex- 
cessive, the governor balls by their divergence complete 
a contact which permits a current of electricity to produce 
friction by the action of an electro-magnet. 

Electricity is made use of to light the gas in one species of 
motor gas engine, and electric sparks have been used to 
light gas lamps. 

Electric chronos copes measure time to thousandths ofi 
second, and by their aid the speed of projectiles is ascer- 
tained : the plan in general being that the projectile at one 
part of its path interrupts one circuit, and at anotlier part 8 
second circuit, by cutting wires. The interruptions deter- 
mine sparks \vhich leave their record on prepared paper ot , 
a metallic surface, moving with known velocity ; the distance 
between the records of the sparks serves therefore to 
measure the time occupied by the projectile in passing from 
one wire to die next. In this little treatise these and many 
other important applications can barely be enumerated. 
As the science becomes more familiarly known, the extent 
and E timber of useful applications will day by day ii 
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CHAPTER XXVII. 

ATMOSPHERIC AND TERRESTRIAL ELECTRICITY, 

\ 1. Not much is known of the distribution of electricitjt' 
on the surface of the earth. According to Sir William 
Thomson the most probable distribution is analogous to that 
which would be produced if the earth's surface generally were 
charged with negative electricity held as a charge dd the inner 
armature of a condenser, the outer armature of which was 
in the upper regions of the atmosphere, the lower part of 
which acts as the dielectric. Elfectrified masses of air moving 
at no great distance from the earth's surface are continually 
altering the distribution of electricity, which is, however, gene- 
rally found to be negative on the earth's surface. The 
modes of investigating the density of electrification and the 
sign of the electricity at the earth's surface are analogous to 
the metliod of the proof plane. Some conductor in contact 
with the earth is insulated, brought indoors, and the sign 
of its electnfi cation ascertained by an electrometer, We 
here speak of the electrification of the surface, not of the 
potential, at points of the air which must be separately 
investigated. We cannot treat air as we can the earth, 
because it is an insulator, and will not part with its eleoi 
tricity to any conductor analogous to a proof plane, ; 

§ 2. The potentialof the earth'ssurfaceisassumedas thft] 
zero or datum from which all other potentials are measured ;J 
nevertheless we know that the potentials of different placed 
on and in the earth differ considerably, sometimes to th^ 
extent of several hundred volts, though this is rare. Woj 
obtain this information from the currents observed to flowl 
through wires joining parts of the earth widely separatedil 
These currents being known, and the resistance of the ' 
circuit being known, the e. m, f. due to differences of poten- 
tial between the ends of the wire can be infetted with 
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certainty. The differeace of potential between the two 
sides of the Atiantic is often not more than one or two 
volts, and generally points joined by the sea are nearly at 
one potentiaL This condition is, however, liable to be dis- 
turbed from time to time, and these disturbances aie 
called electric storms. Statistics of the distribution of p(>- 
tential over the earth's surface have not yet been compiled. 

§ 3. Any conductor at the end of which a flame is 
burning, or any sraall pipe from which water drops, will very 
soon acquire the potential of the air where the flame bums 
or the water is dropping ; for if there is any difference of 
potential between the conductor and the air near the flame 
or tube end, it will cause an accumulation of electricitj' at 
the flame or tube end, and this electricity will then bi 
conveyed away by the panicles flying off in the flame or by 
the drops of water until there is no difference of potentiiil 
between the conductor and the neighbouring air. 

This fact enables us to measure the potential of the ar at 
any point, or, in other words, to compare its potential with 
that of the earth. To do this, a conductor having a flame 
or water-dropping arrangement at one end is connected willi 
one pair of quadrants of the reflecting electrometer ; this 
pair of quadrants is thereby brought to the potential of the 
air at the spot to be tested. The other pair is connecied 
with the earth, and the difference of potentials is Uien 
measured by the deflection of the electrometer in the usuil 
way. Other forms of electrometer may be used. Sir William 
Thomson found that the potential of the air varied veiy 
rapidly near the surface of the earth. Thus he has obsentd 
a difference of potential between the earth and the tlm iuo« 
feet above it, equal to 430 volts in ordinary fair weather, and 
in breezes from the east and north-east as great a difference 
as tliis per foot of air. The potential ts perpetually fluc- 
tuating, even in fair weather. Instruments have been 10 
action for some time at Kew and elsewhere, recording con- 
BniiousJ)' the diSetences oS ^i3Xeii'ttii.\ift's:«cesi 'Osit tMlh and 
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one point in the air. The potential of the air appears to be ' 
generally positive in fine weather, and negative only j 
during broken or rainy weather. 

§ 4. The distribution of magnetic force on the surface of ] 
the earth has already been alluded to in Chap, VII. 
conceivable that tliis force may be wholly due 
flowing round the earth, and maintained by the thermo- 
electric action due to the sun, or to some other cause con- | 
nected with the rotation of the earth. Observation does I 
not, however, as yet enable a decided opinion to be given 1 
on this point. 



CH_4PTER XXVIII. 

THE mariner's COMPASS. 

§ 1, The mariner's compass consists of a card pivotted 1 
a vertical axis, and directed by having on its lower surface 
one, two, four, or more parallel magnets with similar 
poles pointing in similar directions. The magnets being I 
free to turn in a horizontal plane, place themselves ii 
magnetic meridian. The object of using several magnets '1 
is to increase the magnetic moment for a given weight of I 
steel. The upper surface of the card is divided into degrees [ 
and also into thirty-two parts, each containing n" 15'; the I 
thirty-two rays indicate the thirty-two points of the com- 
pass ; the line joining the north and south points is parallel J 
to the axes of the magnets. The north and south line 1 
indicates the magnetic meridian at each place. As was 
shown in Chapter VII., the declination varies at difierent times 
and at different places. The declination of the particular j 
place at the particular time must be known by means of I 
charts or othenvise before the true north or any other true J 
course can be determined by the aid of the compass, 

5 2, The presence of any iron or steel in the neighbour- 
hood of the compass alters the dliecUon cA xVt V-kik^ ^ 
toice in the magnetic field, and causes -w^vaV \a ■«; 
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dnnation of the north and south line from the magnetic . 
meridian. In wooden ships, by a little care in placing the 
compass properly, deviation errors of any practical moment 
may be wholly avoided, but in iron ships they must be 
partly allowed for and partly compensated. The deviation 
in an iron ship is due to two causes — ist, the permanent 
magnetism of the ship ; 2nd, the magnetism induced by the 
earth's magnetic force. We can compensate for the effect of 
the permanent magnetism by properly placing a permanent 
steel magnet in the neighbourhood of the compass, exerting 
an equal and opposite couple to that due to the ship. 

We cannot compensate or can only very imperfectly com- 
pensate for the effect of induced magnetism, because it is 
impracticable to arrange a soft iron structure nea^ the com- 
pass, such that its induced magnetism shall have an opposite 
and equal effect to that of the ship. The induced magnetism 
varies as the ship turns round horizontally. Thus when she 
bears north or south, her magnetic moment is much greater 
than when east or west. By testing experimentally in port 
the deviation on each course, a correction is obtained for that 
particular neighbourhood. The ship's induced magnetism 
also varies, however, as the direction and intensity of the 
earth's magnetic force varies ; and no safe allowance can 
be made for errors resulting from this cause. Moreover 
the induced magnetism varies as the ship rolls, and 
(to a much less extent) as she pitches. The heeling error 
can be compensated, as was shown by the late Mr. 
Archibald Smith. The Admiralty Compass Manual, written 
])y that gentleman in concert with Captain Evans, R.N., 
should be consulted by all who wish to understand the 
mariner's compass. The mathematical and practical in- 
vestigations of Mr. Smith have been of the very highest 
utility in adding both to our scientific knowledge and to 
the practical utility of the mariner's compass. 

'Y\it prismatic compass and azimuth compass are compasses 
fitted with conlnvatvc^^ \>^ ^\v\Oc\. '^^\>^'ax\sNj^ <i€ Qb\ects can 
be taken. 
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ON THE 

TELEPHONE AND MICROPHONE. 



' 1837, Page discovered that the magnetisation and dfe 
petisation of iron was accompanied by sound. P. Reis* 
[ Friedrichsdorf in 1861 invented an arrangement brf 

a musical note at one end of a telegraphic wire w 
broduced at the other end. This he effected by c 
p vibration of a reed to make and break a circuit at the-i 
ing end ; tlie current was therefore transmitted once for 
Y period of the reed's vibration ; this current magnetised 
n core, and at each transmission a click was pro- 
ved, not in itself musical, but producing the effect of a 
nite note on the ear when repeated a definite number 
s per second. When the reed vibrated so as to give 
jprtain note, the same note was heard at the other end of 
The quality of the sound received had no resem- 
tnce to the quality of the sound produced by the sending 
One period of the reed's vibration corresponded to 
! periodic change in the receiving magnet, but beyond 
1^ ttiere was no correspondence between the reed and the 
!t is not quite certain to this day what causes the 
Ek heard when the core is magnetised or demagnetised ; 
i sound may simply be due to the shortening or length- 
g of the core as a whole, but it is also possible that it 
f be due to more complex molecular changes. It might 
supposed that the hearer should Wai a.wci\s, QTia cKX3.st 
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higher than that sent, but this is not the case ; the ear 
treats the whok periodic change in the magnet due to one 
vibration of the reed as a single periodic sound. 

The apparatus employed by Reiss may be called a tele- 
phone, since by its means one feature of a given sound was 
reproduced at a distance by the intervention of electricity. 
This apparatus did not and cannot reproduce more than one 
feature, namely iht pitch of the note. Not only is it impos- 
sible by its use to reproduce articulate sounds or the quality 
of a musical note, but even a change in the loudness of the 
note at the sending end produces little or no change in the 
loudness of the note heard at the receiving end. 

Mr. C. F. Vartey in 1870 showed that a sound analogous 
to that produced by the magnetisation of iron could be 
produced by the charging or dischai^ng of a Leyden jar or 
condenser. The noise is apparently due to the rearrange- 
ment of the particles of the dielectric under a changed 
condition of stress. Mr. Varley showed that this property 
of the condenser might be made use of to transmit a musical 
note, and he also proposed to apply this discovery so as to 
admit of the simultaneous transmission of several messages 
on the same wire. Mr. Varley could not by his arrange- 
ment transmit any other feature of the sound than that 
transmitted by the telephone of Reiss. 

Elisha Gray of Chicago practically carried out the appli- 
cation of tlie idea of Reiss so that not only one but several 
messages could by this means be transmitted along one line. 
In doing this he introduced reeds or forks tuned to a given 
note, which made and broke contact at the sending end of 
the circuit ; at the receiving station the sounding magnetwas 
connected with a resonating chamber tuned to the note of 
one reed. When this reed was set in action the resonatlDg 
chamber tuned to that note sounded, but the others were 
silent It is well known that resonators of this kind can be 
used to analyse complex sounds, and to show distinctly of 
simple tones V\\e w\\Q\e ■sowTii 



Appendix on the Tdcphonc and Microphone. 373 

milar way the resonators on the telegraphic circuit analysed 
lie complex waves of the electrical current as they passed 

p and fro, so that each resonator sounded only so long as 
K given reed vibrating to the same note continued to con- 
tribute its successive impulses to the compound current 
■. Gray is said also to have invented a method by which 
fee intensity of the notes as well as their musical pitch 
bOtild be reproduced at the receiving end. 

' None of these telephones could possibly transmit arti- 
mlate speech. Articulation depends not only on the number 
l;nd intensity of impulses which the ear receives in a given 

me, but on the manner in which each impulse increases 
pad decreases. In other words, articulation depends on a 

iality analogous to the form of a wave, and cannot be 
sroduced by any instrument which merely indicates the 
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mbcr of waves per second, or even their height, and 
^mber. 

I The vibrations of a simple disc under the influence ot 
Rves impinging on one of its sides and produced by the 
man voice, follow the impulses given by the voice with 
1 accuracy that if they are reproduced at a distance by 
techanical means on a similar disc, this disc will set the air 
DUnd it in motion so as to reproduce the articulate words. 
; is shown by the common toy well known long 
efore the invention of the electric telephone. This toy 
Sisists of two similar stretched skins or pieces of paper 
fennected by a string as in Fig. 175. 
I A person by speaking to the bladder at a causes move- 
tents of the bladder which follow the impulses produced 
Jr the voice accurately. These movements are transmitted 
► the string- to the second bladdet, 50 xVa^. ^ t^^kw 
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can hear the bladder b pronounce the words spoken into the 
bladder a. We need not think of the sound as transmitted 
by some special conducting power in the string ; the con- 
duction is a. simple mechanical phenomenon. Every time 
the bladder at a is pulled to the right it pulls the bladder ^ 
B to the right, and every time the bladder at a is pushed to 
the left it allows the bladder at b to spring back to the left 
But more than this, during each excursion to light or 
left the movements of the bladder b follow those of bladder 
A perfectly, so that whatever law the motions of bladder a 
way follow in its deviation to the one side the bladder b 
will also move according to that law. The string thus not 
only transmits the number of impulses and their total am- 
plitude to H, but it also transmits what may be called their 
wave form. It is this last quality which enables the toy to 
produce articulate sounds. Except for this it would only 
transmit musical sounds, and those imperfectlj, giving the 
prime tone due to the note, but without imitating in anyway 
what musicians call the quality of the sound. Professor 
Graham Bell of Boston, son of the well-known Alexander 




Melville Bel! of Edinburgh, author of 'The System of 
Visible Speech,' is the inventor of an electrical telephone 
which transmits articulate speech by electrical means even 
more perfectly thaw ftvft Xq-j iejKiiie.*. i&i's^si ^■a.\«m*i 
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leech by mechanical means. Moreover, while the me- 
^mical transmission is only possible across very short 
pances, the electrical transmission has been effected over 
Indred of miles of wire. The receiving instrument, as in 
b mechanical toy, is identical with the sending instrument, 
(d in its simplest form is shown in Fig. 176 ; each vibrating 
adder is represented by a thin plate of iron n pinched 
tween a mouthpiece e and a handle l of wood. This 
pc is usually a piece of what is called ' ferrotype ' iron, the 
in plate used in a special form of photograph known as a 
protype. The disc d is set in motion by the voice precisely 
V the bladder is set in motion by the voice in the toy. 
(hind the disc, and in close proximity to it, is placed one 
^e of the bar magnet m, and round this pole the ordinary 
%. covered wire is coiled so as to form the small bobbin b. 
he two ends of the coil are led to the terminals c and c. 
be wooden case l serves to connect all the parts, and acts 
\ a handle by which the instrument can be placed before 
e mouth or held to the ear. 

[When the wire coils of the two instruments form part of 
te telegraphic circuit, any movement in the disc d of one 
Strument will alter the magnetic field in which the coil b 
fplaced. This alteration will induce a current of elec- 
Hty in the circuit. This current will produce a corre- 
Onding alteration in the magnetic field of the receiving 
jtrument, and so cause a movement in the disc d of that 
ijtruraent. This movement, if the wires are wound in the 
pe direction, will be in the opposite direction to that of 
I sending disc d, but will closely correspond with that 
pvement in the same sense in which the movement of 
fe receiving bladder of the mechanical toy corresponds 
th the movement of the sending bladder, with one dif- 
bnce. In the case of the mechanical toy the movements 
\ the two discs will be nearly equal, whereas in the case 
Lthc electrical movement the movements will be propor- 
k>a] to one another, but very fai tvo'CQ ecmsli ■, feaS. ^S. ^at 
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I sending disc will be immensely greater than that of fl 

I receiving disc The cuirents which work the telephone are 

■ currents induced by the motion of the ferrotype disc which 
I acts as an armature to the magnet The movements of this 
I disc are exceedingly small, and the induced currents are 
I exceedingly small, but they rise and fall so as to produce a 
I movement in the far discwhich is proportional to the move- 

■ ment in the near disc The sound produced by the far 
I disc possesses therefore every character of the sound whidi 

■ moves the near disc except that of loudness. The words as 
1 received are very perfectly articulate, but so faint that the 
I instrument must be held close to the ear to allow them to 
I be distinctly heard. This fact forms a considerable draw- 
ft back to the utility of the instrument, which in its presenl 

■ foim cannot be used as a call. 

■ The explanation of the action of the instrument given 
I above agrees with thai given by its inventor. Some curious 
Ki facts have, however, led many to believe that this explanation 
I is not the tnie one. It has been discovered that instead of 
I a thin ferrotype disc of iron a thick plate might be used, 
I and it has been asserted that this plate could not possibly 
I bend enough under the influence of the voice to induce 
I currents by its deflections. The word bend may be quite 
I inapplicable to such a case, but the surface opposite the 
\ magnet does certainly advance and recede, or it would not 
I transmit sound to the air in contact with it. .This altenaie 
I advance and recess would take place if instead of a ^ plate 
I we had a rod many feet or many yards long. A far more 
I singular fact has been discovered by many observers, namelj' 
I that non-magnetic and even non-con cJucting substances 
I might be used instead of a ferrotype disc in tiic recHvii^ 
B instrument, and lastly that the receiving instrument will 
I work, though very feebly, with no disc whatever. In this 
I case it seems dear that the Page effect, as it may 'be called, 
> i.e. the noise made by the magnet itself as its particles 

■ rearrange themselves "«ifti eaciv(i\a.'(i%e,'A«ae,'i?>,\5.'iia,=A'i«» 
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^^»r tiie soodA heard. Tkas souDd becoraes aniculate t 
sooa as its laaease and decrease loDco the increase a 
decrease produced hy die voice at the seoding end. 
obvious chat when the cmrents seat are those due to E 
dbc, the sounds from the Pa^ ^ea. must appn»inlUe^r tj 
least correspond with those which the fenot y pe i 
disc would give oS. Thus when the ferrotype recraving d 
is present we hear at least two amultaneoas voices, t 
voice of the disc which is strong, and the race of the n 
which is weai. 'When for the feirotype disc we substitute A 
wooden plate, this plate will aa as a sounding board for tf 
Page effect Allien the plate is a conductor currents n 
be induced in it by the change in the magnetic field, j 
these will tend to move the piate in such a way as to gifd 
a third source of sound which might be called the Atnp4 
effect A fourth source may be due to the sound produc* 
in the wire itself as the cuirent changes in iutensity ; 
sound was first observed by M. Delarive, and his c" 
vations have been lately confirmed by Dr. Ferguson | 
Edinburgh. 

Mr. Gott at St. Pierre proved that no internal molecutlj 
effects are required to explain the action of tlie telcphoi 
for he attached a sending disc to the coil of one siphol 
recorder, and a receiving disc to the coil of another siphv 
recorder. Speaking to the first disc he caused the coil D 
vibrate in the strong magnetic field of the instrument, i 
thus currents were induced which moved the coil of tb| 
second instrument ; this coil worked its own disc, and « 
heard to speak plainly. This experiment perfectly corrobc 
rates Mr. Graham Bell's explanation of his instniinent. I 
is not in contradiction with the other fact mentioned ftbiM 
that the Page effect in the receiving instrument occUJ 
simultaneously with what may be called the Graham 1 
effect. It must be clearly understood that while the Pa| 
eflect may be made the means of producing articuUl 
sounds, this can only be done by \iWt\% C>\sJsvM& ^ 
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arrangement, and could not be done by any arrangement 
known before the date of his invention. 

The words spoken by the telephone have a slightly nasal 
intonation. The nasal sound is said by Helmholtz to be 
characteristic of tones from which the even partials are 
absent An effect of this kind might be expected from the 
vibrations of the straight rod producing the Page effect, but 
the main cause of nasality must be in the vibrating disc, for 
all discs have this nasal peculiarity whether made to vibrate 
by magnetic or mechanical arrangements. It is clear that 
the disc fastened at its periphery is not free to follow the 
impulses of the voice with perfect truth, but has modes of 
vibration of its own which modify the sound. 

Professor P. G. Tait has calculated that the current 
which works the telephone is about a thousand million 
times less than the current used in ordinary telegraphic 
work. 

This calculation shows that if the vibrations produced by 
sound be employed to modify the resistance in a telegraphic 
circuit which includes a telephone, this telephone will pro- 
duce a corresponding sound, provided the change in resist- 
ance amounts to one thousand millionth of the resistance 
of the whole circuit. 

This fact allows us to comprehend the marvellous action 
of the telephone made by Mr. Edison, and of the micro- 
phone discovered by Professor Hughes. These two instru- 
ments act on the same principle, namely, that a variation in 
the resistance of a voltaic circuit may be caused by the 
variation of pressure between two surfaces in contact, and 
that this variation of resistance will cause a corresponding 
motion in the disc of a telephone included in the circuit. 
In the microphone the telegraphic circuit includes a voltaic 
battery, a telephonic receiver, and two pieces of carbon lightly 
pressed together. This carbon is sometimes * metallized,' or 
prepared by being heated white hot, and plunged in mer- 
cury. Any sound iW N^x2kX\cA\'s» cil x;\v\^ ^•axss^.'s* ^^'^ ^'^^ 
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c&rbog lo press mon or less strongl; on the other, S 
■nodifies die reststance of ttie dictiit as to settheielep' 
' "Cc^ciTei in actioa and reproduce the sound hy n 
I ^n>Katiiig disc 

Oneform of theinstnnncnt is shownin % 177. A [uece 
cif orbon, C^ very delicately balanced on an aile, a. rests 
'^Slitly on a second piece at caibon, d ; the apparatus rests 
^i* asoundii^-board, B,juidlherest ofthe drcui ' "~ 

as sliown with the voltaic cells at f, and the telephone at 4 




1 this arrangement, a fly walking over ihe board causes 
sounds to be heard in a distant telephone. The change of 
pressure producing a change of resistance occurs between 
c and D. Many experiments on telephonic transmission. 
due to similar causes, have already been tried. Slight 
vibrations between a pile of nails, or the vibrations in a 
tube full of cinders, are competent to transmit, more or 
less perfectly, intelligible speech or musiial sounds, and 
Mr. E. Blyth of Edinburgh states that he has heaid souwis 
irom a jar of cijiders which acted as •Ocit \eKW»«s •*^«> 
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another jar of cinders acted as the sender. In Mr. Edison's 
telephone the change of resistance was caused by a simple 
change of the pressure of a vibrating diaphragm on a com- 
pound conductor of metal and plumbago ; this pressure 
was varied by the vibrations produced by the voice. 

The principle of continuity is common to Graham BelFs, 
Edison's, and Hughes' inventions. 
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